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THE INSTITUTION OF PETROLEUM TECHNOLOGISTS. 


Toe ONE HUNDRED AND Firty-SixtH GENERAL MEETING of 
the Institution of Petroleum Technologists was held at the House 
of the Royal Society of Arts, John Street, Adelphi, London, on 
Tuesday, February 13th, 1934, Mr. T. Dewnurst (President) 
occupying the Chair. 


The Secretary read the names of candidates nominated for 
election and the following list of members elected :— 


As Members.—J. G. A. M. Biermann, Reginald Gordon Mitchell, Edmund 
Bessell Whalley. 

As Transfer to Member.—Leslie Alfred Werrett. 

As Associate Members.—Arthur George Britton, Jan Bernadus Nieman, 
George Suciu, John Leslie Taylor, Eric Lionel Wilding. 

As Transfer to Associate Member.—Walter Ronald Lewis. 

As Students.—Francis James Annal, George Tennant Bruce, Anthony 
Dryden Davidson, John Henry Dove, Eric John Fasola, Frank Clifford Hall, 
Maurice Wilson Jowett, Jafar Mahdi, Abdul Nagi Khan Shaikh Mohandes, 
Arthur Mosedale, Mohammad Abdul Nakib, Clifford Samuel Newey, Michael 
Robert Martin Porter, Cecil William Read, Mohammad Ali Saib, Douglas 
Silverthorne, Edward George Stibbs, Paul Arthur Taylor, Cedric Warren 
Woolgar. 


The President referred with very great regret to the death 
of Sir William Hardy, one of the Honorary Members of the Institu- 
tion. Those who knew him, or had read the very fine tributes 
paid to him, would understand the loss which the Institution had 
suffered by his death. 

The principal business of the meeting was to consider a paper 
on “The Chemical Evidence for the Low Temperature History 
of Petroleum,”’ by Dr. Benjamin T. Brooks. This, as would be 
appreciated, was a very important and controversial subject. 
It was unfortunate that Dr. Brooks could not be present, but 
in his absence Dr. Dunstan had kindly consented to introduce 
the paper. 


The Chemical Evidence for the Low-Temperature History 
of Petroleum 


By Bensamin T. Brooks, Ph.D., F.C.S. (Member). 


In view of the fact that until very recent years we did not know 
what petroleum is, chemically, except to a very limited extent, 
it is not surprising that there should have been such a variety 
of theories as to its origin. Many of these do not merit serious 
discussion to-day. Some of these theories, such as that of the 
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action of water on metallic carbides, and the more recently proposed 
theory of its formation by the action of alpha radiation on methane, 
have cheerfully disregarded such details as the chemical nature 
of petroleum and the geological circumstances of its occurrences, 
Aside from the fact that, like the Grignard reaction, the Friedel 
and Crafts reaction and the Wurtz-Fittig reaction, certain hydro. 
carbons can be produced by these methods, nothing can be said 
for them. 

Our rapidly increasing knowledge of the chemical composition 
of petroleums, the chemical behaviour of its constituents and the 
geological conditions under which it occurs, strongly support the 
theory that petroleums have had throughout a low-temperature 
history. 

The most prevalent idea regarding the origin of petroleum is 
that usually referred to as the distillation theory or the Engler 
theory, according to which the oil has been formed by the action 
of heat upon fatty acids or some other form of organic matter. 
Long before Engler’s famous experiments, the destructive dis. 
tillation of shale in Scotland was a familiar fact. Shale distillates 
and Engler’s products from fatty acids were both oily, and among 
the non-scientific it has always been supposed that there was an 
abundance of thermal energy in the lower regions, which is probably 
sufficient to account for the persistence of the Engler theory. 

It hardly seems necessary to review all of the chemical evidence 
against Engler’s theory of heat decomposition, or, as it is often 
loosely and erroneously called, the pressure distillation theory. 
Engler himself realised many of the difficulties and objections 
to the theory better than most of those who have quoted him. 
The decomposition of fats or fatty acids, kerogen, coal, lignites, 
cellulose, lignin, waxes or resins by heat does not produce oils 
chemically like petroleum. The gases produced by such decom- 
positions contain hydrogen, olefins such as ethylene, and usually 
carbon monoxide. No natural gas associated with petroleum 
has ever been found to contain any of these constituents even 
in small proportions. Probably this fact has never been properly 
emphasised even though their disappearance might be accounted 
for in a number of ways, as, for example, the loss of hydrogen 
by more rapid diffusion, or by hydrogenation of the CO or un- 
saturated hydrocarbons under the moderate pressures existing 
in the oil-bearing or oil-producing strata. 

It may also be pointed out that no carbonised residues, such as 
result from the heat decomposition of fatty or mineral oils, have 
ever been found in any sedimentary rock, though graphite is 
occasionally found, as in the Cambrian schists, and then not 
remotely associated with petroleum or natural gas. 
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Many geologists, considering only the geological evidence, find 
it increasingly difficult to accept the heat decomposition theory. 
Illing? recently stated that the geological evidence demands a 
theory of oil origin contemporaneous with the sediments and “ not, 
as the distillation theory would suppose, as a later process of 
metamorphism.” Beeby Thompson* also states: ‘In seeking 
the origin of petroleum one must not introduce extraordinary 
theories for its occasional occurrence amongst unusual surroundings, 
but consider only such views as will account for its extensive 
production and wide distribution by common processes of nature.” 

It is curious, therefore, that the processes of nature have been 
so little studied in connection with the chemical history of 
petroleum. For example, many different crystalline paraffins 
are found in essential oils; fifteen solid normal paraffin waxes 
are known as occurring in the essential oils of twenty-five plant 
species. The well-known Bulgarian oil of roses contains so much 
crystalline paraffin that it is normally a semi-solid mass. Here is 
a saturated paraffin produced in nature under physical conditions 
no more severe than those of a June afternoon. The cool days of 
March produce in the swelling buds of the sweet birch another 
crystalline paraffin, C,,H5. Even tobacco contains a small 
amount of a similar paraffin. The normal heptane now used as 
a standard reference fuel in the determination of knock-rating is 
produced by two western pines, P. sabiniana and P. jeffreyi, and 
also by a small prune-like fruit in the Philippine Islands. We 
have no theory whatever as to the chemical mechanism by which 
such saturated hydrocarbons may be formed in plants. It is, 
of course, not suggested that petroleum has been derived from 
such comparatively rare plant sources. They are cited only to 
point out that we arg entirely ignorant of the biochemical processes 
which do actually produce such hydrocarbons. These paraffins 
are not associated with fatty acids of the same or C,+, carbon 
atoms, and many contain more carbon atoms than any known 
fatty acid. 

The terpenes C,)H,,, the sesquiterpenes C,;H.,, and the rubber 
hydrocarbons, rather widely distributed in nature, appear to 
be related to the C; group of the pentoses and pentosans. The 
formation of these hydrocarbons from the pentoses, whatever the 
mechanism, can only be the result of a biochemical reduction or 
hydrogenation process operating at ordinary temperatures. 

It is not at all necessary to assume that a high energy input is 
necessary to accomplish such reductions. Such results are observed 
to occur with very little net energy change by the conversion 





J. Inst. Petr. Techn., 1926, 12, 402. 
*“ Oil Field Exploration and Development,’ London, 1925, p. 19. 
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of part of the original material to an oxidised condition and part 
to a reduction product, probably the best known example being the 
conversion of sugar or glucose to carbon dioxide and ethyl alcohol. 
The fermentation of cellulose to methane, carbon dioxide and small 
proportions of other products is very suggestive in this connection, 
It is altogether probable that anzrobic fermentations will be dis. 
covered which will produce ethane, propane and other paraffins. 


COMPOSITION. 

Before further discussion of the origin of petroleum, a summary 
of our knowledge of its composition may be noted. The general 
character of the hydrocarbon constituents of a few crude oils is 
shown in the following table :— 


TABLE I. 
Benzenes, Naphthenes and Paraffins in Light Distillates, 


Bibi Mexia, Tonkawa, Davenport, Huntingdon 
Eibat. Tex Okla Okla, Beach, Calif 

Fraction £ i s Z z 
boiling ss & @ Z = s ¢: = . £ = r s € @ 
point. } 2 & = = a s = & a = = = S & & 
C. $8 2 & &§§ € &€ & ESF 8k EB Ee 8 OBS 
ee sg & S = -} & = - 5 = = ce es 8 
aa Am mR A a wo & i 4 -¥ a Be 
60-95 3 40 57 29 #17 5 6 26 68 5 21 74 4 31 65 
95-122 3 52 45 21 22 57 S 34 538 7 28 65 6 48 4 
122-150 7 66 27 #19 23 S58 12 43 45 #12 #33 55 11 64 2 
150-200 12 69 19 16 21 63 20 41 39 16 29 55 17 61 2 
200-250 22 51 27 12 20 68 22 34 #44 #17 31 52 2 45 Ww 
250-300 30 41 29 #12 29 59 25 29 46 17 32 S51 29 40 3! 


The light distillates contain that largest proportions of paraffins 
these proportions decreasing in the higher boiling fractions. The 
lubricating oil distillates in many cases contain no paraffins at all 
and even in the light crudes of the Pennsylvania type the paraffin 
content of the heavy distillates is small, being removed as the 
paraffin wax of commerce. The relative proportions of paraffins, 
naphthenes and benzenes in the light distillates is given in the 
following table : 

TaBieE IT. 


Average Com position of Typical Petrolewms. 


Composition of 250°-300° ©. Specific gravity 
Type of Wax. Asphalt. fraction. of residue 
crude Per cent. Percent. Paraffin Naphthene. Benzenes over 300° ¢ 
Light 
paraffinic 1-5-10 0O- 6 46-61 22-32 12-25 0-897—-0-929 
Paraffin- 
naphthene 1-6 0— 6 42-45 38-39 16—20 0-897-0-908 
Naphthenic trace 0- 6 15-26 61-76 8-13 0-895-0-912 
Benzenoid 0-0°5 0-20 0-8 57-78 20-35 0-950-0-970 
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No petroleum has ever been found which contains unsaturated 
hydrocarbons of the ethylene type, at least in the lighter dis- 
tillates which can be separated by distillation without decom- 
position. The hydrocarbons of the C,H, series are napthenes 
and those of the higher carbon ratios, ChH»-, to CrHg»-<, etc., 
occurring in the lubricating oil distillates are evidently polycyclic 
hydrocarbons. The constitutions of only a few of the simple 
eyelohexanes, occurring in the light gasoline fraction, are known. 
According to Mabery,® the distillable lubricating fractions of 
Cabin Creek crude are mainly of the series C,Hon-,; the dis- 
tillable lubricating fractions of Baku oil are mainly of the series 
(,Hon-39, and the corresponding fractions from Sour Lake, Texas, 
are of a series C,H.,-,;5. Many of these hydrocarbons separated 
by Mabery by the use of solvents, without distillation, were found 
to be sensitive to heat and not distillable without decomposition 
even under a good vacuum. 

Several years ago the writer called attention to the fact that the 
gasoline made by cracking heavy oils at 375° to 425°C.,4 or by 
distilling heavy oils with anhydrous aluminium chloride, contain 
aromatic hydrocarbons such as benzene and toluene. It was 
suggested that this indicated the presence of complex benzene 
homologs in the higher boiling petroleum distillates. It is much 
more plausible that oils of empirical compositions, such as 
CsHon-g Or CyHon-;9 contain aromatic nuclei and long aliphatic 
chains, than to suppose such complex multi-bridged ring structures 
as would be required by such empirical formule. 

J. R. Bailey® and his co-workers at the University of Texas 
have shown that certain Californian crude petroleums having 
relatively high nitrogen content yield no bases on acid extraction, 
but that the distillates contain bases which are readily extracted 
by dilute acid. They also find that after thorough acid extraction, 
reheating the oil (kerosine) or redistilling it, produces more extract- 
able bases. Their observations show conclusively that these 
petroleums have never at any time been subjected to temperature 
a high as distilling kerosine ; in other words, an additional proof 
if the low-temperature history of petroleum. 

The nitrogen bases in petroleum distillates accordingly are 
lecomposition products of some unknown original material. So 
faras known, the nitrogen bases in the distillates are unlike other 
utrogenous substances found in nature. While small proportions 
of 2, 3, 8-trimethyl quinoline were identified, Bailey has shown 
the presence of a new type of nitrogen base to which he has aptly 





Ind, Eng. Chem., 1923, 15, 1236. 
‘Brooks and Humphrey, J.4.C.8., 1916, 38, 393. 
'J.AUS., 1930, 51, 1239. 
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given the name “ naphthenic bases.’”” The base C,,H,;N evidently 
has the following structure :— 


These nitrogen bases do not appear to be optically active. 

The naphthenic acids, much studied recently by J. von Braun, 
also show this curious lack of relationship with any other common 
acids from natural sources. Von Braun has shown that the so-called 
naphthenic acids of petroleums are of three general types, 
C,H,,O, or aliphatic, C,H. »..0, or monocyclic and C,H,p.,0, 
or bicyclic. All behave as saturated substances. Some of these 
acids are optically active. Von Braun has shown that petroleums 
from North Germany, Rumania, California and Texas all contain 
the same monocyclic and bicyclic types of acids. The monogyelic 
acids are of the general type :— 








CHge 
4\N 
4 * 
CHe CHe 
| | 
CHe CH (CHz),COH 


with one or more alkyl groups attached to the ring. The value 
of x is usually one to four. The only similar acids found in nature 
are the chaulmoogric and hydnocarpic acids of chaulmoogra oil, 
which acids contain a cyclopentene group.* No acids of these 
types have been reported in the products of the heat decomposition 
of fats or fatty acids (Engler), although they have probably not 
been sought. 

Most of the sulphur derivatives so far investigated have been 
those found in the distillates, and particularly the cracked dis 
tillates, produced in cracking processs. Thiophenes have been 
found in the latter, but it is doubtful if they occur in undecom- 
posed petroleum. All that is of interest in this connection may 
summarised in the statement that petroleums contain complex 
sulphur compounds, largely of unknown structure, which decot- 
pose on distillation to give hydrogen sulphide, mercaptans, thio- 
ethers and thiophenes. This behaviour, like that of the nitroge? 
derivatives studied by Bailey, indicates a low-temperature histor) 
of petroleum. 





® Adams and Schriner, J.A.C.S., 1925, 47, 2727. 
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GEOLOGICAL CONDITIONS OF OCCURRENCE. 

The product produced by Engler by the distillation of fats and 
fatty acids under pressure was a mixture of hydrocarbons of wide 
distillation range, and contained about 37 per cent. of unsaturated 
hydrocarbons, ethylenes, and contained no naphthenic or benzenoid 
hydrocarbons. The temperatures employed were 590° to 750° F. 
Engler regarded this product as the “‘ proto-petroleum,” which was 
believed to be convertible into petroleum by polymerisation of the 
olefins and other changes. Nevertheless, in all the several hundred 
petroleums which have been studied, including those from most 
recent geological horizons, such as the Pliocene of the Los Angeles 
basin, no oil has ever been found containing unsaturated hydro- 
carbons of the ethylene type, such as produced by Engler, and 
no recent sediment has ever yielded such a material. If the 
decomposition by heat occurs very slowly, as is assumed by many, 
at the gradually increasing temperatures noted at increasing 
depths of the deposits, some field in the whole range of depths 
and geologic periods should show oil in this transition stage. Some 
of our most prolific fields are those whose producing sands are 
geologically recent and whose present maximum temperature is 
100° F. or lower,’ and whose strata are only slightly arched and 
not otherwise disturbed. Heald states that ‘Not enough 
measurements are available to permit any conclusion as to the 
possible influence of a great, gentle uplift like the Bend arch on 
earth temperatures,” and that in wells thus far measured the 
depth of the granite basement has had no relation to the tem- 
perature. At Oklahoma City a temperature of 100° F. is en- 
countered at 4100 ft. In South-west Texas a rise of 1° F. for each 
50 to 60 ft. is noted, while in the Permian Basin of West Texas 
and the Panhandle area the temperature rise is 1° F. for about 
each 100 ft. of increasing depth. 

In this connection the recent paper by W. F. Seyer® is of great 
interest. Using the velocity constants for cracking, determined 
independently by others, Seyer has shown that at 212° F. the 
higher paraffins have a stability greater than the element potassium, 
and that the “‘ one half life period” is about 3-68 x 10!* years, 
and that ‘‘ any buried waxy material must have at some time been 
at a temperature of at least 150° C. (302° F.) to allow for its trans- 
formation into petroleum within the limits of geological time.” 
In fact, the ‘“ one half life period ” for the decomposition of wax 
at 150° C. is 1-15 10" years. Studies of the lead-uranium ratio 
of the pegmatite mineral cyrtolite from Bedford, New York, 
which pegmatite geologists place as dating from the early 


? Heald, Am. Petrol. Inst. Bull., 1930, 205. 
*J. Inst. Petr. Techn., 1933, 19, 777. 

















184. BROOKS : LOW-TEMPERATURE HISTORY OF PETROLEUM. 





Ordovician, show the age of the pegmatite to be about 38x10 
years. According to the reaction velocities as interpreted by Seyer, 
four times the whole of geological time since the Ordovician would 
be necessary and a temperature of 300° F. for the whole of this 
time would be necessary to decompose half of a quantity of buried 
wax to oil or other products. 

Curiously enough, Seyer himself clings to the idea of heat 
decomposition. Again, using the temperature gradient observed 
in the Permian Basin of West Texas, of 1° F. to 100 ft. of increasing 
depth, no petroleum should be formed short of a depth of about 
28,000 ft., where a temperature of 300° F. should be reached. 

The heat decomposition theory leads Seyer to further discord 
with fact when he reasons, logically enough, that dense saturated 
molecules with a low hydrogen-carbon ratio, such as the polycyclic 
naphthenes, should be produced to a greater and greater extent 
with increasing time, temperature and pressure. Exactly the 
opposite is strikingly shown by the light, highly paraffinic, but 
geologically old, Appalachian oils and the wax-free, heavy 
naphthenic oils of many of the Gulf Coast and California pools of 
much more recent origin. There is no correlation as to depth or 
pressure, and composition. Seyer also reasons that there should 
be a relation between geological age and composition, but this 
also is not borne out. To name only a few irregularities, ‘‘ Ohio” 
oil from the Lima field occurs in the Trenton limestone and is 
much older than any of the Appalachian or Pennsylvania oils; 
the Lima or Trenton oil is heavier and more naphthenic, as noted 
by Seyer, than the Pennsylvania oil. Yet many of the geologically 
very recent oils are relatively very heavy and naphthenic. These 
relationships are too complex to be briefly and adequately dis- 
cussed. It appears more probable, and also consonant with the 
views advanced here as to low-temperature history, that the wide 
variations in chemical character, which refuse to be correlated as 
to age, depth or pressure, have their origin in the character of the 
original material deposited in the submarine sediments or possibly 
in differences in the biochemical influences in the early stages of 
their history. 

It should also be noted that although the kerogen in oil shale 
is appreciably decomposed at temperatures as low as 250°C. 
(482° F.) and oil shales are known which have been subjected to 
extreme faulting and thrust pressure, no evidence whatever of 
thermal decomposition in such cases has been observed. In 
general, it may be said that there is no chemical evidence whatever 
that ordinary bituminous coal, oil shale or petroleum has ever 
been subjected to temperatures higher than those now observed 
in coal mines and at the bottom of oil wells. 
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BROOKS : 





P. Walden has stated that the small optical activity noticed 
in petroleum distillates is alone sufficient to prove a relatively 
low-temperature history. 

PROBABLE SOURCE MATERIAL, 

The chemical composition of petroleum gives no very definite 
indication as to what type of organic material was the original 
source. The types of organic raw material which conceivably 
may have been the original source material for petroleum are as 
follows :— 

(1) Proteins.—These are rapidly and almost completely destroyed 
by putrefaction. Small proportions may be preserved under 
anerobic conditions, as is indicated by the nitrogen bases and 
possibly by the sulphur compounds in crude petroleum. 

(2) Cellulose, readily gives methane under anzrobic conditions. 
It does not form humic acids, or other resistant material. Hydro- 
carbons, other than methane, have apparently not been sought. 

(3) Lignins are very resistant to micro-organisms, and are 
slowly converted to humic acids. 

(4) Oleoresins.—These gradually lose their volatile oils, but 
retain their resinous character through long periods of geologic time. 

(5) Waxes are exceedingly resistant. Waxes in peat show no 
appreciable change with increasing age, and waxes in brown coal 
show no evidence of decomposition or what may be called “ hydro- 
carbon dispersion” to the wide variety of hydrocarbons found in 
petroleum. 

(6) Fatty oils are hydrolysed in a few years in the presence of 
water, losing their glycerine. Further study of the changes under- 
gone by fatty oils under various conditions should throw a great 
deal of light on the origin of petroleum. We know that they are 
easily oxidised and polymerised, and subject to biochemical 
change. 

Many geologists have claimed that an oil having the physical 
characteristics of petroleum would be difficult at least to embed 
in any sediment as it is formed, and not likely to be retained 
until a suitable impervious cap rock had formed above it. This is 
born out by the findings of Trask,® who has examined a large number 
of contemporary sediments, and who finds small proportions of 
organic matter, but finds that oily material extractable by solvents 
constitutes less than 1 per cent. of the organic matter present. 
In his recent excellent monograph, Stadnikoff!* lays great stress 
on both oxidation and polymerisation of fatty oils to form first 
amorphous solid material, such as linoxyn, further oxidation 





* Bull. Amer. Assoc. Petr. Gé ol., 1930, 14, 1451. 
’* Die Entstehung von Kohl u. Erdoel, Stuttgart, 1930, 
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with splitting of the carbon chain, formation of lactones, and 
other plausible but assumed changes. Such initial changes in the 
early stages may provide the solid or semi-solid material necessary 
for its deposition and preservation in these early stages. Chemical 
study of the changes undergone by fatty oils in anzrobic fermenta- 
tion conditions, as suggested by the work of McKenzie Taylor” 
chemical investigation of the organic matter in contemporary 
marine sediments, and of the kerogen in shale oils are much needed 
to throw light on the question involved. 


It is confidently .to be expected that sooner or later petroleum 
will be found in transition stages. Such an oil would probably 
contain higher proportions of naphthenic or other organic acids 
than known petroleums, probably less light hydrocarbons such 
as gasoline, high-boiling, unsaturated hydrocarbons of the ethylene 
type, and be associated with more or less solid organic material. 
In fact, the bitumen we know generally under the name of asphalts 
should repay investigation from this point of view. Asphalts are 
generally supposed so be residual material of petroleum oils. They 
are, however, rather sensitive to oxidation by air, and really little 
is known about them beyond their solubility in various solvents 
and their suitability for paving, roofing and the like. 


The studies of the oily material formed by decay of the blue- 
green alga, Ela@ophyton coorongiana, carried out by Thiessen” 
and by Stadnikoff and Weizmann™ are exceedingly important 
and interesting. The material came from a salt-water lagoon near 
Coorong, Australia. From the solid organic material associated 
with the sandy sediment Stadnikoff and Weizmann obtained 
57 per cent. of oil by benzene extraction, which oil was separated 
into 84 per cent. of non-saponifiable and 16 per cent. of fatty 
acids. From another specimen Thiessen extracted a soft yellow, 
non-saponifiable wax melting at 42°. Stadnikoff!° comments as 
follows :— 


“It appears from these results that coorongite is a product 
resulting from two different changes in the fatty acids. One of 
these changes results in the oxidation and polymerisation of the 
unsaturated fatty acid. This takes place with access of air. The 
second type of change consists in the loss of the carboxyl or acid 
group of the fatty acids, and their polymers under the conditions 
of anzrobic decomposition.” 

The last change noted by Stadnikoff, loss of CO,, should certainly 
be investigated experimentally. 





"J. Inst. Petr. Techn., 1928, 14, 827. 
4“ Origin of the Boghead Coals,"’ Washington, 1925. 
13 Brenn.-Chem., 1929, 10, 401. 
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ISOMERISATION AND HYDROCARBON DISPERSION. 


The complexity and great variety of the hydrocarbons in 
petroleums has been referred to above. This fact presents one of 
the most baffling puzzles in connection with petroleum. 


Wilson !* has pointed out that in both the paraffin and olefin 
series the change from one or a few hydrocarbons to a great many 
of the same series involves no great amount of energy change or 
reaction heat. However, Francis'® has also treated this subject 
from the thermodynamic standpoint and states that the forma- 
tion of aromatic hydrocarbons from paraffins requires temperatures 
within the range of 550°-900° C. This, however, evidently assumes 
the splitting off of hydrogen. According to Francis, the reactions 
possible below 550° C. are quite different in kind. It is therefore 
wrong to assume that the formation of benzenes characteristic 
of the results obtained experimentally above 550°C. may also 
proceed at the much lower temperatures associated with petroleum 
deposits at much slower rates during geologic time. 


The multiplicity of the hydrocarbons in petroleums, usually 
including all of the simple paraffins which analytical skill has 
been able to separate and identify, numerous naphthenes and 
certainly many more of both series which have not been identified, 
has generally been assumed to have been a result of heat decom- 
position. If this so-called dispersion and isomerisation of the 
hydrocarbons has been an effect of heat, possibly at relatively 
low temperatures over long periods of time, then it must be pointed 
out that the complex sulphur derivatives, the complex nitrogen 
compounds which yield the nitrogen bases studied by Bailey, the 
optically-active constituents and the undistillable viscous oils 
isolated by Mabery, all of which are much more easily decomposed 
by heat than the paraffins, have somehow escaped the effects of 
such heat. 


It is much more significant, in this connection, that waxes 
such as those found in ozokerite, in peat and cannel coals and also 
the so-called fossil resins sometimes found in bituminous coals of 
great geological age show no evidence whatever of such chemical 
changes. The conclusion seems unescapable that organic materials 
as stable as the paraffins, the waxes such as the Montan waxes, kerogen 
and the resins, once formed and sealed in the sedimentary rocks, 
undergo no further chemical change whatever under the conditions 
of temperature and pressure existing in sedimentary rocks even of 
great geological age and depth. 





'* Proc. Roy. Soc., 1927, 116a, 501; 1928, 1204, 247; 1930, 124, 16. 
Ind. Eng. Chem., 1928, 20, 227. 
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If this view is correct then the problem of how a few parafiins 
may be chemically “ dispersed ” and rearranged to a great number 
of hydrocarbons, does not exist. The hydrocarbons found in 
petroleum must mainly have been formed as such in the original 
biochemical anaerobic degradation of the organic materials buried 
in the sediments. 

It is also altogether probable that if long-continued heat decom- 
position were the cause of the break up of the hydrocarbons, 
petroleums would be much more alike in their chemical character ; 
the differences in chemical character of petroleums, even some- 
times between oils from closely adjacent pools, is much greater 
than can be clearly, definitely or reasonably explained by different 
intensity or duration of the thermal action. 

Certain parts of the hydrocarbon puzzle find plausible explana- 
tion in our increasing information regarding hydrocarbon poly- 
merisation. 

HYDROCARBON POLYMERISATION. 

The absence of naphthenes and benzenes in the cracked dis- 
tillates made by Engler has been referred to above. Engler 
suggested that the olefins in such material might be polymerised 
to naphthenes. While the simple naphthenes, cyclohexanes and 
eyclopentanes are difficult to account for in this way, it is of 
interest that in recent years an increasing number of cyclobutane 
derivatives and cyclohexanes have been formed by polymerising 
certain olefins. Mild conditions appear to favour this type of 
polymerisation. Of the numerous examples the following are 
illustrative :— 





isoprene———>dipentene and 1-3-dimethyl-3-ethenyl cyclo- 
hexene (6). 

2-3-dimethyl butadiene ——>4-6-dimethyl dipentene. 

divinyl———> 1 -etheny]l cyclohexene (3). 

dimethyl allene———>3 isomeric cyclobutanes. 

ketenes——_—> 1-3-cyclobutanones. 





cyclopentadiene —>dimeric cyclopentadiene. 

Thus the unsaturated fatty acids generally predominating in 
marine oils may, as suggested by Stadnikoff, yield high-boiling 
naphthenic polymers. Since the fatty oils rarely contain more 
than eighteen atoms, the only way we can account for the high- 
boiling naphthenic fractions of petroleum, the lubricating oils, 
is by polymerisation. In this connection it has been shown that 
the polymerisation action usually associated specifically with 
fullers earth, is a very common property of a wide variety of 
sedimentary rocks, particularly the clays and shales, and to a lesser 
degree the sandstones.!® 








16 Brooks, Bull. Amer. Assoc. Petr. Geol., 1931, 18, 611. 
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Pressure markedly promotes the polymerisation of olefins and 
may possibly have been a factor in the chemical reactions resulting 
in petroleums as we now know them. In this connection it is of 
interest to note that Bridgeman has been able to carry on extensive 
work up to 20,000 atmospheres, with accurate measurements, 
whereas in oiltields the pressures encountered seldom exceed the 
hydrostatic pressure of the depth reached, or, in other words, 
pressures in the deepest wells seldom exceed 150 atmospheres. 
The pressure factor therefore lies entirely within the range of our 
experimental ability. At increased temperatures, pressures as low 
as 10 to 20 atmospheres promote polymerisation to a marked degree. 
Thus Pease” showed that ethylene could readily be polymerised 
at 350° to 500° C. under 10 atmospheres pressure. 

One refining company producing a highly unsaturated cracked 
gasoline has developed a refining method based upon polymerising 
the more reactive olefins in the gasoline, by heating the product 
under pressure with fullers earth. No systematic investigation of 
the effect of high pressures on the polymerisation of various types 
of olefins has been carried out. 


j It might be supposed that the polymerisation brought about by 
di. fullers earth is a pressure effect in the adsorbed material. However, 
if other materials noted for their capacity to adsorb hydrocarbons, 
" such as silica gel and various charcoals, have only very slight 
g polymerising action. It therefore appears more probable that 


f fullers earth adsorbs the olefins in a true chemical sense, though 
naturally not in any stoichiometrical ratio except so far as the 


re ; ; Seen 
surfaces are concerned. This labil combination may result in 
liberating the olefin in an active form, as in the case of the formation 
of definite chemical compounds with such reagents as sulphuric 
acid, aluminium chloride and zine chloride, followed by decomposi- 
tion and liberation of the olefin in an active form. 
SUMMARY. 
Much of the recent chemical research on the constituents of 
1 petroleum strongly indicates a low-temperature history of 
il 1... | ' ; : 
petroleum. This has in many cases not been pointed out or 
n . gi : : ie P 
> perhaps been realised by the original investigators. The cumulative 
re ° c ° . ° . 
h weight of such low-temperature evidence is believed to be conclusive. 
rn- “ . . . . 
1 To more nearly complete the chemical history of petroleum it is 
‘Is : : ) 
os suggested that further evidence be sought as follows : 
. 
ith (1) Effect of pressure on polymerisation of olefins, particularly 
of in contact with clays and other sedimentary rock materials. 
ser (2) Further study of materials such as Coorongite. 





- v J.A.C.S., 1931, 58, 619. 
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(3) Biochemical and anzrobic fermentation studies to throw 
light on the way in which hydrocarbons are formed in nature, 
and discover further instances of such formation of saturated 
or unsaturated hydrocarbons. 

(4) Investigation of the nature of the organic matter in 
geologically recent sediments in the expectation of finding 
petroleum in transition stages of its formation. 

Dr. A. E. Dunstan, before reading the paper in abstract, said 
that he had the opportunity a few months ago of talking with 
his friend, Dr. Brooks, a member of the Institution of long standing, 
on the chemical evidence for the low temperature history of 
petroleum. 

Dr. Brooks’s general thesis was that the origin of the multi- 
tudinous substances present in petroleum could be accounted for 
by conditions which were very moderate, particularly in regard 
to temperature. He showed, the speaker thought conclusively, 
that many of the ideas attributed to Engler were not such as that 
chemist himself would have accepted. That was frequently the 
case; a theory was first of all propounded, and afterwards all 
sorts of accretions were attached so that the original theory 
was unrecognisable by its author. 

At the end of the first section of the paper, before discussing 
the composition of petroleum, Dr. Dunstan said that it occurred 
to him that what Dr. Brooks had indicated with regard to anaerobic 
fermentation was a very fruitful line of investigation. Very 
many of these anzrobic fermentation processes were being con- 
sidered to-day. There was, for example, that very interesting 
reaction whereby gypsum was reduced to hydrogen sulphide. 
Only a short time previously he had the opportunity of discussing 
with an expert on this subject some of these reactions that might 
conceivably lead to the formation of hydrogen sulphide, and that 
expert made an observation that had stuck in his mind, namely, 
that many compounds which chemists were inclined to regard as 
remarkably stable and indifferent to reaction were precisely the 
things which in the fermentation process were peculiarly reactive. 

Taking up the remark in the paper that the constitutions of 
only a few of the simple cyclohexanes occurring in the light gasoline 
fractions were known, Dr. Dunstan said that it was rather amazing 
that after eighty years of investigation in hydrocarbon chemistry 
such an insignificant amount of knowledge was available on the 
chemistry of the basic materials with which they dealt. With 
regard to the Author’s remark that the naphthenic acids showed a 
curious lack of relationship with any other common acids from 
natural sources, he said that he presumed the Author meant 
the naphthenic acids isolated from distillation products. ll the 
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time there must be a careful differentiation between inherent 
products and those bodies appearing in distillates. The Author 
had remarked that no systematic investigation of the effect of high 
pressures on the polymerisation of various types of olefins had 


been carried out. He would suggest that this branch was now 
; receiving very considerable attention. 

l DISCUSSION. 

The President said that members would agree with him as 
to the importance of the paper. He had from time to time read 


chemical papers on the subject of the origin of oil, and had often 
been disappointed by their failure to take into account the geological 
environment in which petroleum must have originated. The 
1 great merit of the present paper was that its main purpose was 

to throw light on the nature of the geological environment. Many 

hypotheses had been advanced to account for the origin of petro- 
leum. Most of these were very old, such as the emanation hypo- 
| thesis, the several carbide hypotheses, the volcanic hypothesis, 


. and the various old organic hypotheses which suggested that 
| petroleum was formed from the remains of special forms of life, 
such as terrestrial vegetation, fish remains, diatoms, and so on. 
; One might safely say that at the present day there were only 
. two hypotheses which were at all well supported, and both of 
. these held that petroleum was formed from whatever organic 
4 material was available in the sediments. However, the first 
hypothesis claimed that high temperatures and pressures were 
necessary for the conversion of organic matter to oil, whereas the 
s second claimed that the particular changes concerned were bio- 
: chemical and that high temperatures and pressures were unneces- 
t sary. The Author very definitely favoured the latter hypothesis, 
. as was shown by his statement that ‘The hydrocarbons found 
‘ in petroleum must mainly have been formed as such in the original 
“ biochemical anzrobic degradation of the organic materials buried 
in the sediments.” 
if He himself was unable to criticise the paper, as he held the same 
* theory as the Author, and had advocated it consistently since 
fe 1922. Therefore, it would be more useful to listen to those present 
1 who were capable of criticising the paper. There were present 
‘e members of the Institute of Fucl, the Society of Chemical Industry, 
h the Institution of Mining Engineers and the Geological Society. 
a Needless to say, the Institution not only extended a welcome to 
m them, but hoped they would take a prominent part in the discussion. 
nt He was specially pleased to see with them that veteran chemist, 
Prof. Armstrong, whom he would ask to open the discussion. 
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Prof. H. E. Armstrong said that the word PARAFFIN was 
over emphasised, he thought: the paraffins had relatively so 
little to do with petroleum. He was inclined to agree with Dr. 
Dunstan, that the analyses in which large quantities of paraffins 
were recorded might be exaggerations. Such analyses were very 
difficult. Years ago, with others, he had given much attention 
to the study of petroleums, with the object of preparing paraffin 
derivatives from them—but unsuccessfully. Apart from the 
lower fractions, he thought few petroleums contained much un- 
altered paraffinic material; they were mostly closed systems. 

He could himself overlook almost the whole period of the develop- 
ment of petroleum. Apart from methane, our first knowledge 
of paraffins dated back to 1848/49, when Frankland and Kolbe 
set out to isolate the hydrocarbon radicles and obtained instead 
saturated hydrocarbons of the paraffin series—ethane, tetrane 
and (iso) octane. In those days, little was known of structure. 
Schorlemmer, in 1863, was the first to show that the two hydro- 
carbons, dimethyl and ethyl hydride, thought by Frankland and 
Kolbe to be different, were one and the same. He then studied 
the lower fractions of petroleum and proved that they CONTAINED 

not that THEY WERE—normal paraffins. He introduced the 
term NORMAL to represent the unbranched series. 

In the speaker’s own student days, petroleum spirit was sold 
in 60z. bottles for 6d. as BENZINE COLLAS, for cleaning ladies 
white kid gloves. This was its only use. He had begun life in 
the dip and composite candle-colza-oil lamp period, and well 
remembered the introduction of the petroleum oil lamp, how much 
its smell was resented : this was the first real use made of mineral oil. 

The paraffins had been relatively little studied. Being Par- 
AFFINIC, they were difficult to deal with, difficult to separate and 
characterise. It was not known even in what form the carbon 
was present in them. There were two forms of carbon—diamond 
and graphitic. Normal paraffins were definitely built of diamond 
carbon : the atoms were connected in a zig-zag, with their centrea 
alternately in an upper and a lower plane. He believed that in 
all other types the atoms were ranged as in graphite in sheets, 
with their centrea all lying in one plane. 

The origin of petroleums was a very difficult subject to deal 
with. He had long been interested in the problem from being 
specially interested in the cognate problem, the origin of coal. 
In his opinion, coal was not merely a residual material : at least, 
in large part, it might be described as a synthetic organic chemical. 
Much of it, he thought, had been passed through organisms and 
was the product of their decay, more or less altered and condensed 
by prolonged heating under pressure. Even the latest coals had a 
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peculiar chemical structure, not found in any natural product. 
All sorts of vegetable matter had been laid down in the past and 
converted into coal, by decay under anaerobic conditions ; not 
only wood, but also a vast amount of swamp growth and peaty 
material. In New Zealand, the process might be seen in operation. 
They had dug down, in some places, in search of Kauri gum, 
through several layers of former Kauri forest, in which the intervals 
between the upstanding trees had clearly been filled in with smaller 
growth. All was incipient coal; in places, what was formerly 
wood, was a pasty, cheese-like mass. 

In going out to Australia, in 1914, he had had almost daily 
opportunity of examining the plankton under the microscope, and 
was struck by the fact that nearly every cell contained a big fat 
globule. Such organisms will also have flourished in forest swamps ; 
might not these, when growing alone, in the open, have given rise 
to oil shales ? The view had long been held, he believed. 

Petroleums differed greatly in character. Some of them 
contained a considerable proportion of benzene hydrocarbons, 
some of them but little. They contained but little unsaturated 
hydrocarbon. In fact, they were mostly in equilibrium. Extra- 
ordinary changes took place in cracking petroleums under pressure 
at relatively low temperatures. He had had special experience, 
in the eighties, in this direction, through studying the products 
obtained at the Mansion House, District Railway Oil Gas Works 
—where the process was worked which had given Faraday the 
material from which he separated benzene. The products contained 
much unsaturated hydrocarbon, which rapidly underwent change : 
when the polymerised product was again heated, it cracked in all 
sorts of ways. Cracking apparently had not been carried so far, 
in the case of the natural oils. Fatty matter, heated over long 
periods, under pressure, at relatively low temperatures, would 
give rise to products such as we have in crude petroleum to-day. 
It is perhaps significant that only normal paraffins have been 
separated from petroleums—seeing that the known natural fats 
are normal structures. 

The production of paraffins in plants was specially interesting. 
He thought they were correlative products of an intensive oxida- 
tion process. The foundation of pure normal heptane in pinus 
sabiniana, in place of terpenes, was very remarkable. Why that 
pine and one or two others should produce a paraffin in such 
quantity was more than a puzzle. 

The paper before the meeting was intensely interesting, because 
of the number of issues it raised—without settling any of them. 
He would like to see more attention given to the geological side 
of the picture and the problems studied conjointly, by chemists 
o 
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and geologists who were sufficiently cognisant with the many 
issues that must be taken into consideration. 


Prof. V. C. Illing remarked that the paper was a challenge to 
the chemist, a challenge with which he, speaking as a geologist, 
had a great deal of sympathy. The main thesis of the Author's 
argument was that it was unnecessary to demand high tempera- 
tures or abnormal geological time for the production of petroleum, 
for it was probable that the latter could be and was produced in 
nature at normal temperatures and by biochemical processes. 

With this suggestion the speaker was in complete agreement, 
and it was interesting to note that this agreement in views was 
the result of convergence along two entirely different lines of 
approach. 

The speaker's own position was based mainly on geological 
reasoning, though it naturally had to conform to the chemical 
possibilities. The study of the conditions in which oil occurs 
in the rocks, and of the physical conditions of the migration of 
oil and gas had convinced him that in many of our oil-pools the 
concentration of the oil and gas took place pene-contemporaneously 
with the formation of the whole deposit. By this it is meant 
that the formation of the oil and its movement into the reservoir 
rocks took place at some time between the deposition of the sedi- 
ment and its compaction into the form of a rock. 

Compaction is perhaps a slower process than many of us imagine ; 
the slow exudation of the liquids entombed in the clays requires 
very considerable pressures and is a process about which geologists 
know very little indeed. 

If, however, it is conceded (though it must be admitted that 
on this geologists are by no means agreed) that oil generation 
does take place during this process, then it can hardly be denied 
that oil must be formed at low temperatures, and its generation 
must be based on methods of change which are not allied to the 
destructive distillation processes at medium or high temperatures. 
The speaker would like to protest against the assumptions of many 
Authors that it is possible to extrapolate from the results of experi- 
ments on so-called “ low-temperature carbonisation,’’ and assume 
that reactions of a few hours’ duration in the laboratory at tempera- 
tures between 200° and 300°C. would necessarily take place, 
though at correspondingly lower rates at ordinary temperatures. 
The calculations of Maier and Zimmerly were examples of this 
fallacious reasoning. It is certainly true that reactions do increase 
in velocity with temperature, at rates governed by physical laws, 
but it is surely realised that these laws are only applicable within 
a limited range, and they are restricted by other well-known 
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phenomena such as the possibility of change in sign of a reaction 
and the change in reaction velocity near the critical temperature 
of stability. The cracking processes are good examples of a series 
of changes, each of which has its own optimum temperature range, 
and petrologists would cite innumerable cases in metamorphism 
of the same limitations. 


Direct laboratory experiments show that low-temperature 
carbonisation processes on known cannels and oil-shales cannot 
be interpreted backwards beyond certain limits, but that at 
temperatures approximately around 200 to 220° C. the reactions 
slow down abnormally and cease. It is possible that there are 
some types of organic matter which do decompose at ordinary 
temperatures in this way, but the speaker does not know of any, 
and until they are found one must turn to some other form of 
chemical process to produce the hydrocarbons. It is for this 
reason that the speaker advocates a more complete inquiry by 
chemists into the biochemical changes in organic matter, for it 
seems reasonable that this would be a fruitful line of attack. 

The speaker was inclined to disagree that it was essential that 
there should be an intermediate semi-solid substance as a transition 
phase between the organic matter and the oil. The work of Dr. 
Murray Stuart had shown clearly that liquid oil could readily 
be held down in a clay medium deposited in water in spite of its 
density and gas could readily be held in the same way. While 
not denying that it might be found that the process of change 
involves such intermediate forms, there did not seem to be any 
valid reason for considering them necessary at this stage of our 
knowledge. 


The paper was a challenge, and a very welcome one, to chemists 
even more than to geologists. The speaker felt that the opinions 
expressed would find a very considerable measure of support among 
petroleum geologists. It was exceedingly interesting to him to 
find that on purely chemical grounds there were so many points 
which made it doubtful whether oil had ever been subjected to 
even moderately high temperatures. It was in complete agree- 
ment with the geological facts and it was one further warning 
against the too facile comparison of oil generation with the processes 
of destructive distillation. 


Mr. J. Kewley, in a written contribution, said that he strongly 
supported the view put forward by Dr. Brooks that high tem- 
peratures played no part in the formation of crude petroleums. 
This must be obvious when one considered the fact that most 
crudes contained components which were unstable at temperatures 
as low as 140° C. 
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Some time ago he had carried out a distillation of a crude oil 
which was relatively rich in sulphur compounds, by heating the 
crude in an oil bath at controlled temperatures. He found that, 
by distillation at atmospheric pressure, the first 7 per cent. of 
distillate that came over was perfectly sweet smelling and non- 
reactive to doctor or copper corrosion tests. As soon as the 
temperature, however, exceeded 140°C. the distillates obviously 
contained products of decomposition. By carrying out a dis- 
tillation in vacuo and keeping the temperature still below 140° C., 
about 35 per cent. of perfectly sweet-smelling distillate, perfectly 
stable on standing and showing no reaction to doctor test or 
corrosive sulphur, was obtained. Experiments with other crudes 
also showed that decomposition of some of the unstable con- 
stituents took place at quite low temperatures of the same order. 


Dr. P. E. Spielmann said that his one objection to the paper 
was that so much of what was stated in it was already known 
before. It had been known for so long that there were heat- 
sensitive materials in petroleum and that seemed to him to settle 
the problem once and for all. Then, as to the question of which 
so much was made, namely, the anaerobic decomposition of 
organic matter, there were certain classic examples of that which 
had been quoted in books for a very long time. But the value of 
the paper had been, as Dr. Dunstan foreshadowed, in eliciting 
discussion, and the discussion so far had been most interesting. 
One speaker and another had urged that research work 
should be done, but he did hope that, when another such 
paper was presented, they would hear what petroleum chemists 
had done, and not what they were going to do or ought to do. 
That research work, however, if it followed the lines that 
Prof. Armstrong had suggested, would be ntterly appalling. It 
would mean that when minute chemical research was carried right 
down to the very composition of each material, the carbon of 
these hydrocarbon compounds might be found to consist of the 
diamond or graphitic variety or mixtures of both ; and, in addition, 
the hydrogen might be divided up into an indeterminate amount 
of light and heavy hydrogen. What was to be done with that 
situation was too frightful to contemplate. 


Mr. J. E. Hackford said that there were one or two points on 
which he desired to make some remarks. The author stated at the 
beginning of the paper that: “‘ The decomposition of fats or fatty 
acids, kerogen, coal, lignites, cellulose, lignin, waxes or resins 
by heat does not produce oils chemically like petroleum.” Well, 
he did not know that he would like to say that. In the instance 
of kerogen, if one took a shale and heated it only to 110°C. for 
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about six months one would get quite a quantity of saturated 
distillate which looked very much like a gasoline. But it had 
to be done for six months; one could not get the answer to the 
problem in five minutes. The same remarks applied to the 
distillates of coal. The author stated that no natural gas 
associated with petroleum had ever been found to contain, even 
in small proportions, any of the constituents of the gases produced 
by decomposition, such as hydrogen and carbon monoxide, ethylene, 
and soon. He was speaking from memory, but he rather thought 
that in the German coals 12 or 17 per cent. of carbon dioxide 
had been found and certainly 1 or 2 per cent. of carbon monoxide. 


He referred next to the author’s theory of the oil origin being 
contemporaneous with the sediments. Naturally, in view of the 
theory which the speaker himself had put forward as to the origin 
of oil from alge, having shown that by hydrolysis oil was produced, 
and at the same time a bitumen was precipitated, he could only 
agree with what the author had said on that point, that the oil 
and the bitumen were produced contemporaneously, and they 
were deposited in the sediments. At the same time, he had 
pointed out that in the form of calcium salts of the sulphonic 
esters they could be carried in solution from place to place, and 
there was no need to stipulate that they should be in oily form 
enclosed in a clay, or that absorption by itself was responsible 
for the holding and for the movements of the body. 


With regard to the contemporaneous precipitation of bitumen 
with the hydrolysis of alge, the work of Trask had been referred 
to in the paper. But he would like to give a quotation from 
Trask, who, in the Bulletin of the American Association of Petroleum 
Geologists in 1931, stated that: “The formation of bitumen is 
perhaps an intermediate stage in the generation of petroleum.” 
The speaker thought that that was quite true. 


The next item that he noticed was the statement that certain 
Californian crude petroleums having relatively high nitrogen 
content yielded no bases on acid extraction. He would emphasise 
there the word “ certain,’ because some of them did. If one 
extracted with dilute sulphuric acid one could not find them 
very well, but if one took such oils and treated them with a 
hydrochloric acid of tungstate acetate one could separate them 
out quite easily. He had taken some samples of one of the 
seepages in Great Britain, such as from Ramsey, Cobham and 
other places, and had tested that all over again, and he had 
found that one could get appreciable properties of the acids 
just as they were without having been distilled. He thought 
there was too much generalisation on that point. 
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The Author also stated: “‘ Asphalts are generally supposed 
to be residual material of petroleum oils.” The speaker almost 
thought that that view was now dead. It had been proposed by 
Trask and Hammond and others for the last ten years, and 
certainly they had now got it that bitumen could be produced 
simultaneously with oil by hydrolysis at really low temperatures. 
In that respect he wished to refer to a statement made in the 
summary of a paper which he himself read before the Institution 
some time ago, namely—this was given as the first item in the 
summary—‘ Oil and bitumen are products resulting from the 
hydrolysis at low temperatures.’”’ There was, furthermore, the 
statement just before that to the effect that they were both 
produced simultaneously, and that they could also be moved 
about in these sediments in aqueous solutions in the form of 
ethereal salts of the sulphonic esters. 

Mr. J. McConnell Sanders said that in his opening remarks 
Prof. Armstrong had made a suggestion which seemed to him to 
have a very important bearing on the theories put forward in the 
paper. He had suggested that coal and petroleum might be due 
to an organism. If they started off with that as a working theory, 
they should try to discover the organism, to study its life history, 
its food and its decomposition products. One of the things which 
had struck him in the small researches that he had been able to 
carry out in this connection was the extraordinary preservative 
power of petroleum itself. He had found unaltered starch grains 
and plant organs perfectly preserved in crude petroleum, and 
he had found what Jeffrey a year ago said had never been found, 
namely, tissues, where previously only bones and shells had 
been found. A still more important contribution to the know- 
ledge of the power of petroleum as a preservative was to be found 
in the work of Loewe and Dohrn on the follicular hormones. These 
workers had found that follicular hormones occurred in plants, 
such as, for instance, in germinating grain. Follicular hormones 
had previously been associated with the animal economy, governing 
and controlling certain purely animal functions. Consequently, 
the discovery that they existed in plants and stimulated the 
growth of plants was in itself important ; but still more so was the 
work some time later of Asscheim and Hohlweg, who prepared 
an oil containing the hormones from coal, peat and even from 
crude petroleum. In other words, this material, so closely 
associated in their minds with the animal organisms, was found in 
crude petroleum, probably having been preserved there for millions 
of years. 

It seemed to him that if they were looking for the origin of 
oil they were rather distracting their ectention by studying oil 
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in its present state and forming theories on what its origin was 
from the slender evidence available of what had been one of its 
transitional stages. It did not seem to him to matter very much 
how it existed in the strata; what really mattered was what it 
was before it got into the strata, and what formed it. That was 
the real difficulty of the chemist. In the case of coal they had been 
accustomed to look upon vegetable tissues in variable state of 
decomposition as explaining its organic origin. But Prof. 
Armstrong had suggested that mere decomposition was not all 
the story. There was something more than that. Some organism 
might have produced the decomposition, and if so it was that 
organism they ought to look for, and having found it, see if they 
could train or educate it to produce petroleum. In other words, 
they should follow the usual synthetic procedure of the chemist 
in order to reproduce artificially what had been accomplished by 
natural biological conditions. 

Mr. John Roberts desired to comment on the paper both from 
the point of view of a geologist and of a fuel technologist. In 
the first place, he fancied that far too much stress was being 
laid on the question of the geothermal gradient in the formation 
of oil, just as in the formation of coal. When the formation of 
coal was considered it was of no use trying to estimate the depth 
which that coal might have reached in its formation. Take, 
for example, the graphitic minerals that were found in the Alps. 
It was not a question as to how deep these minerals in the Alps 
were at one time, but how much the Alps had been elevated 
since; and it was during the elevation of the Alps that this 
carbonaceous matter had been converted into anthracite. Time 
also was absolutely unimportant in a geological sense. For 
instance, there was the mature coal of the Carboniferous age in 
England, but there was equally mature coal of the Eocene age in 
New Zealand. He had had before him only that day a question 
regarding some of these Eocene coals. They behaved exactly 
like a Durham gas coal. The New Zealand coal was a very good 
coal, but of a kind which one did not at all expect to find in Eocene 
rocks. On the contrary, one expected a lignite or a brown coal. 
It was not a question of depth, but of elevation. These Eocene 
rocks had been elevated to a height of 3500 ft. since the London Clay 
was laid down, and that was a material fact. It was the folding or 
elevating of the rocks that had influenced the maturity. 

The Author stated that: ‘In general, it may be said that 
there is no chemical evidence whatever that ordinary bituminous 
coal, oil shale, or petroleum has ever been subjected to temperatures 
higher than those now observed in coal mines. . . .””. He could 
not agree with that statement. One could always determine the 
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temperature which a coal had attained in situ by decomposing it. 
If one took an artificial fuel such as semi-coke, one could find 
what was the temperature of carbonisation in the retort. One 
could heat at various temperatures until there was a sudden 
rise in the rate of evolution of gas, which would be an indication 
that the semi-coke had not reached that temperature before. 
It was the same with coal. If one wanted to know what temperature 
coal had attained one could heat it until it began to give off 
volatile matter. If an anthracite, one found that the anthracite 
had attained a temperature of more than 500°C. but not more 
than 550° C., that bituminous Welsh coal had attained 420°, and 
ordinary bituminous coal about 300°, and so on. Therefore, the 
statement he had quoted from the Author was not quite justified. 

Another question which might be asked was: “ If these coals 
were being distilled in situ, where was the gas?”’ As a fact, there 
was far more gas being pumped out of the mines of this country 
into the atmosphere than was being made by the whole of the gas 
companies. It was a simple calculation to work out. He estimated 
that 12,000,000 cu. ft. of gas—methane—was being pumped out 
per minute ; that was equivalent to the distillation of 1000 tons 
of coal per minute. The gas was in the strata in cases where 
there were impervious rocks above the coal seam. 

Much was heard about the age of coal, but he thought the age 
should not be stressed so much. It was not a question of age, 
it was a question of maturity. A Carboniferous coal might be 
four or five times as old as an Eocene coal, but the one might 
be as mature as the other. 

On the question of oil shales, he instanced the Estonian oil 
shales, which would now yield about 56 gallons per ton in practical 
retorting. The reason why those oil shales of such great age 
still contained that high percentage of volatile matter was the 
fact that those rocks had never been disturbed; they were 
practically horizontal. Indeed, the whole Russian plain was 
horizontal, more or less, and that was why coal of Carboniferous 
age was still lignitic in character. If these Estonian shales were 
in Wales or Scotland, where they would have been highly dis- 
turbed, they would not now yield more than about 20 gallons 
per ton, because the temperatures reached would have been 
sufficient to decompose them. 

Dr. N. L. Anfilogoff, speaking as a chemist, said how much 
interested he had been in the discussion. Prof. Illing had said that 
Dr. Brooks had given the chemist a chance to prove his case, but 
he thought that really what the Author had done was to bring 
the chemist back to earth. On listening to the remarks by the 
geologists that evening, he had noticed that in almost all cases 
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they tended to approve the theory of the paper rather than disprove 
it. The last speaker suggested that temperature would be due to 
the folding of the rocks only. What temperatures would one be 
likely to expect during that folding? If it had taken place after 
the earth had presumably cooled down on the upper part, one 
would not be likely to get extraordinary temperatures. 

The main object of the paper, it would appear, was to show that 
temperatures such as, for example, 2000° C. were not necessary to 
the formation of petroleum, nor were pressures of millions of 
tons per sq. in. More or less normal temperatures of up to 200 to 
400° C., and normal pressures to which he could not put a figure, 
would suffice. 

There was a tendency for the chemist to “ shoot up into the 
air’ when he could not explain a chemical reaction, and to think 
it must have taken place at high temperatures and high pressures. 
Such, probably, was not the case at all. One had to come back to the 
physical chemist’s standpoint rather than that of the organic 
chemist, because one did not really know anything about the 
physicochemical reactions taking place amongst mixtures of more 
than three substances. A good many reactions related to two 
substances only ; a few to three ; as to four, there might be one 
reaction known, and perhaps there might be one with five sub- 
stances, but if so, he did not know it. On the other hand, petroleum 
brought in a very large number of heterogeneous chemical 
components with the consequent heterogeneous chemical reactions, 

One speaker had said that time did not necessarily have an 
influence on any changes taking place; but from the physical 
chemist’s standpoint it would have definitely an influence in the 
respect that time would produce first of all one chemical compound, 
this compound would react with another one to produce a third, 
and this later product with the first, or another, to produce some- 
thing else, and so on. As he had said, the chemist liked, when 
faced with a difficulty, to bring in the question of high temperature. 
One might think of the present oxidation tests, for example. There 
they were trying to explain what was happening in lubricating oil at 
ordinary temperatures, and they “ cooked ” it to a high tempera- 
ture and hoped it was going to do the same thing. Recent 
experiments had shown that one could not necessarily predict what 
would take place. Some results occurred because of catalytic 
changes, the action of particles of dust, metal, oxides of metal, etc., 
must come in in a similar way in the earth’s crust. He hoped that 
his few remarks might help the chemist to simplify the matter. 

Mr. Payne said that his opinion with regard to the formation 
of petroleum was that organic matter was treated by the decom- 
position of water at a temperature not higher than 500° C., with 
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a pressure of perhaps 20 or 30 atmospheres. Those conditions gave the a 
the naphthenes. He believed that petroleum had been formed appa 
by the hydrolysis of water in a mixture of carbon and organic In 


matter at a temperature not exceeding 500°C. and at not many | _ that 
atmospheres pressure. low-t 
Dr. A. E. Dunstan, on being asked by the President if he stood 





would like to make any remarks on the discussion, said that he ford, 
did not think that he would care to anticipate Dr. Brooks’ reply, low 
because most of his own views on the paper had been made during Al 
his presentation. But there were two questions that occurred part 
to him subsequently in the form of questions that might possibly work 
give rise to thought. The first was the converse of what had Unfo 
been suggested by Mr. McConnell Sanders. Tausz, a few years to th 
ago, had investigated the behaviour of certain bacteria towards was 
hydrocarbons and has described two varieties, one capable of destroy. | muck 
ing paraffins, and the other on naphthenic hydrocarbons. And the the | 
second related to the difficulty in accounting for the presence of | cited 
helium in natural gas. is me 
He was sure that when Dr. Brooks received the report of the is COI 
discussion he would be very interested in many of the comments. lie wi 
On the motion of the President, a vote of thanks was Dr 
accorded to Dr. Brooks for his paper and to Dr. Dunstan for tillat 
presenting it. how 
Dr. B. T. Brooks, in a written reply, said that the President posit 
had well stated one of the points he most particularly wished man) 
to bring out, namely, that ‘the hydrocarbons found in petroleum of th 
must mainly have been formed as such in the original biochemical is me 
anaerobic degradation of the organic materials buried in the Pri 
sediments.” This is a new point of view, at least, among chemists temp 
who have some knowledge and regard for the composition of ever, 
petroleum. Certainly, the prevailing idea now, in 1934, among decor 
chemists is that decomposition by heat is responsible for the has 
multiplicity of hydrocarbons present in petroleum. It is generally imagi 
assumed that during geologic periods of time these cracking recor 
reactions may take place at temperatures so low that no experi- Mr 
mental evidence or confirmation is possible. It is in this connection with 
that the calculations from known cracking rates, published by fens 
Seyer,* are important. assoc’ 
The view that the multiplicity of hydrocarbons is brought cargo 
about by heat, though at relatively low temperatures, was argued voles 
by H. A. Wilson in the Proceedings of the Royal Society as recently As 
as 1930. The importance of the claim of A. W. Francis in 1928 by P; 
that the formation of aromatic hydrocarbons from paraffins by the c 
I. Inst. Petr. Techn., 1933, 19, 773. paper 
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the action of heat below 550° C. is thermodynamically impossible, 
apparently has been overlooked in some of this discussion. 

In fact, most of the commentators who allege that the idea 
that the chemical composition of petroleum is consistent with 
low-temperature history is very old have evidently not under- 
stood the problem at all, and judging by the remarks of Mr. Hack- 
ford, Mr. John Roberts and Mr. Payne they think of 500°C. as a 
“low” temperature. This idea certainly is old. 

Also, the idea that anaerobic fermentations have played some 
part in the formation of petroleum is fairly old. The important 
work of McKenzie Taylor, published in 1928, was referred to. 
Unfortunately, most of the earlier workers contributed nothing 
to the problem. One of the main purposes of the present paper 
was to call attention to the accumulating chemical evidence, 
much of it very recent, much more recent than Queen Anne, of 
the low-temperature history of petroleum. The instance just 
cited by Mr. Kewley is a case in point. By low temperatures 
is meant temperatures of the order of 100° F. If this evidence 
is conclusive, then the story of the formation of petroleum must 
lie with the bacteriologist and the biochemist. 

Dr. Brooks agreed fully with Prof. Illing that the idea of dis- 
tillation is entirely unnecessary. Oil can migrate, no one knows 
how far, through porous strata and undergo changes in com- 
position by selective adsorption during the migration, as was shown 
many years ago by Gilpin, Cramm and Day. In most cases the use 
of the term distillation in connection with the origin of petroleum 
is merely the careless misuse of an innocent word. 

Prof. Illing and Mr. Hackford appear to disagree as to the 
temperature at which oil shale can be decomposed to oil. How- 
ever, Prof. Illing definitely states that he was unable to detect 
decomposition below 205° C. and it appeared that Mr. Hackford 
has never performed his six months’ experiment, but just 
imagined it. Such statements should not go into a scientific 
record unless qualified as merely an opinion. 

Mr. Hackford’s remark about carbon dioxide being associated 
with German coal is curious in that carbon dioxide is generally 
found in coal seams other than German, and is frequently found 
associated with oil and gas. New York City has had several 
cargoes of CO, ice made from the CO, discharged in enormous 
volumes from wells associated with oil in Mexico. 

As for the fact that the distillates of the California oils studied 
by Prof. Bailey yielded nitrogen bases on acid extraction, whereas 
the crude oils did not, Mr. Hackford is referred to the original 
papers of Prof. Bailey, a chemist of some experience and distinction. 
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Mr. John Roberts’ method of proving that anthracite coal has 
been heated to 500°C. and bituminous Welsh coal to 420°C. is 
very interesting. If the method is applied to petroleum the 
temperature indicated would be pretty low, since it gives of 
‘volatile matter” at ordinary temperatures when released at 
the well. By the same method, a piece of coral atoll should show 
a temperature of formation roughly equal to that of a lime-kiln. 

The following written contributions were received subsequently ; 

Dr. F. H. Garner: The evidence produced by Prof. Illing 
and Mr. McConnell Sanders in favour of the low temperature 
history of petroleum appears to be more satisfactory than that 
produced on chemical grounds, owing to our lack of information 
as regards the pressure and time factors. von Braun has recently 
pointed out that a greater quantity of naphthenic acids is present 
in the distillate and residue obtained in the distillation of crude 
petroleum than can be obtained by extraction methods from the 
original crude petroleum, and we have confirmed this statement 
by work carried on in our own laboratory. Such evidence, how- 
ever, together with that mentioned by Dr. Brooks, as, for example. 
in the case of complex sulphur derivatives and complex nitrogen 
compounds in undistillable viscous oils, does not seem entirely 
satisfactory evidence for the low temperature history suggestion, 
and the fact that these compounds are not stable at high tempera- 
tures does not prove that such compounds were not formed at 
low temperatures from material which has previously been 
distilled. 

Attention was called by two of the speakers to Table I., and 
it would be of interest to have some information as regards the 
method by which the various types of hydrocarbons were estimated 
in these distillates, more particularly as regards the aromatic 
hydrocarbons in the distillates boiling above 150°C. Dr. Brooks 
suggests that it is much more plausible that oils of such com- 
position as C,H y-, or CpH.»-,, contain aromatic nuclei and long 
aliphatic chains than to suppose that complex multi-bridged 
ring structures are present. In the case of the work on nitrogen 
bases which he quotes, we have an instance of a very complex 
ring structure being present, and in the case of naphthenic acids, 
which are suggested as being present in petroleum in the transition 
stage, the work of von Braun, which he also quotes, indicates 
that only short alkyl groups with 1-4 carbon atoms occur in these 

acids. This evidence rather supports the structure for compounds 
of the formule C,H ,-, and C,Hyp-49, which is rejected bj 
Dr. Brooks, and, on the whole, it appears that in general long 
aliphatic chains either alone or in combination are present in 
relatively small proportions. 
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E. H. Cunningham Craig : No paper could show more clearly 
that chemists and geologists are working in separate compartments, 
and there is little or no liaison between them. Each has much to 
earn from the other. For instance, geologists will be interested 
to know that stable compounds, such as the solid paraffins, are 
formed to such an extent in terrestrial plants and remain under 
natural condition practically immune from decomposition. 
Chemists, on the other hand, will be interested to learn how 
closely the conditions under which petroleum is formed in nature 
have been studied by geologists, and with what accuracy these 
conditions can now be defined. 

The main contention in this paper, viz., that no high temperature 
is required for the formation of petroleum, is to geologists a fore- 
gone conclusion, and some five and twenty years ago the writer was 
pointing out that one of the reasons that ruled out Engler’s theory 
as untenable was that the temperatures necessary for some of 
the chemical reactions he described could not possibly be attained 
under the postulated geological environment. 

Similarly, it was shown that pressure was the determining 
factor. There was, even in those days, some very interesting 
chemical-engineering evidence available on the subject. 

The question of pressure, it may be added, is the rock upon 
which ingenious biochemical theories will be wrecked; it has 
indeed already caused their rejection by most geologists. 

The writer would gladly enter much more deeply into this 
discussion were he not in close liaison with a chemist friend in 
the preparation of a joint paper dealing with this among other 
subjects. 

He wished, however, to reiterate that he is always in favour of 
the closest co-operation between chemist and geologists, to save 
each other trouble and to resolve their mutual difficulties. 

He made one present to the research workers, as follows : Some, 
at least, of the chemical reactions in the formation of petroleum 
are exothermic. 
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Transformation of Petroleum in Nature.* 
By Donatp C. Barton (Member). 


Tue theory that protopetroleum is paraffinic and that asphalt 
hase petroleums are later phases in the evolutionary transformation 
of petroleum from the primitive paraffinic petroleum seems to 
appeal to most (but not all) chemists who are interested in the 
chemistry of petroleum. That theory has been advocated strongly 
by W. F. Seyer in his “ The Conversion of Fatty and Waxy Sub. 
stances into Petroleum Hydrocarbons.’ The conditions of labora- 
tory experimentation (and of commercial chemical processes) 
never completely duplicate the conditions of natural geologic 
processes. If the results of the laboratory experimentation (or of 
commercial chemical processes) do not show a fair degree of correla- 
tion with the geologic features to which they are supposed to 
correspond, the laboratory conditions and processes (and _ those 
of the commercial processes) have failed to duplicate the natural 
conditions and processes in some one or more vital essentials ; 
and without further analysis, the results of the laboratory experi- 
mentation (and of industrial practice), and the theory which is 
founded on them, should not be applied to the explanation of the 
natural geologic features. The theory that the natural naphthenic 
petroleums have evolved from paraffinic petroleums is contrary 
to the geologic facts. 

The thesis is advocated by Prof. Seyer that : 

A. Protopetroleum is paraffinic ; 

B. Under the effect of heat and with the passage of time, there 
is a tendency for “ an accumulation of light gaseous hydro- 
carbons with a high hydrogen-carbon ratio on the one hand ; 
on the other hand, liquid and solid hydrocarbons becoming 
even poorer in hydrogen. Dense saturated molecules with 
low hydrogen-carbon ratios, such as the polycyclic naphthenes, 
are produced to greater and greater extent ”’ ; 

('. On account of the rate of decomposition, the mother substance 
of petroleum must have been exposed to a temperature of 
200° C. for petroleum to have formed within the limits of 
geologic time; and 

D. For example, if A, B and (C' represent respectively the 
youthful, mature, and old age stages in the life history of a 
petroleum, or respectively oils of young, middle and old 
geologic ages, the base of A should be paraffinic, of B mixed 
paraffinic and asphaltic, and of C asphaltic. 





* Paper received January 15, 1934. 
1J. Inst. Petr. Techn., 1933, 19, 773-783; Bull. Amer. Assoc. Petr. Geol., 
1933, 17, 1251-1267. 
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He discusses the effect of time but not the effect of depth, but 
he says: “So far as is known, the rate of primary decomposition 
is a function of temperature, although investigation in the future 
may show that the great pressures found in oil beds also exert an 
influence, and if so will probably be found to increase the rate of 
decomposition.” Temperature increases with depth, although 
somewhat slowly, and pressure increases rapidly with depth. It 
would seem a legitimate extension of Prof. Seyer’s theory to 
postulate that the alteration which he sees taking place with 
time should also take place with increasing depth. 

The character-age relation (naphthene base oils in formations of 
relatively young geologic age; and of paraffin base oils in the 














Fic. 1. 
VARIATION OF THE BASE WITH AGE FOR ALL CRUDES FOR WHICH THE WRITER 
HAS THE STRATIGRAPHIC AGE OF U.S. BUREAU OF MINES ANALYSES, 
A. Variation of A.P.I. gravity of the 250-275° C. cut under atmospheric pressure 
B. Variation of cloud test of the 200-225° C. cut under 40 mm. pressure, in ° F 
Character of Base :- 


1. Paraffin, gravity 40° A.P.I. or above: 3. Hybrid, gravity less than 30° A.P.I 
2. Intermediate, gravity 30° to 39-9 cloud test 5° F. or greater ; 
A.P.I 4. Naphthene, gravity less than 30° A.P.I., 


cloud test less than 5 


relatively old formations) holds throughout the world. The 
Tertiary oils characteristically are naphthenic, and naphthenic 
oils characteristically are of Tertiary age. Paleozoic oils charac- 
teristically are paraffinic, and paraffinic oils characteristically are 
of Paleozoic and Mesozoic age. 

A statistical study of the variation of the character of petroleum 
with age in the United States is given in Fig. 1. As ready criteria 
for the character of the base of a crude, the United States Bureau 
of Mines uses the gravity of the 250°-275° C. cut under atmospheric 
pressure, and the cloud test of the 200°-225° C. cut under 40 mm. 
pressure. The United States Bureau of Mines has established that 
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the A.P.I. gravity of the 250°-275° C. key cut will be 40° or more 
if the base is paraffinic, 33-1°-37-9° C. if the base is intermediate ; 
30° or less than 30° if the base is hybrid, if the cloud test of the 
275°-300° C. cut is 5° F. or above. The gravity and the cloud 
point respectively for those key cuts have been plotted in Fig. | 
for all published and some unpublished United States Bureau of 
Mines analyses for which the writer has the geologic age of the 
oil sand from which the sample came. 

The A.P.I. gravity of the first key cut shows a definite increase 
at the rate of approximately 2}° per geologic period for the Tertiary 
and Cretaceous crude oils, but no change or only very slight increase 
for oils of Cretaceous to Ordovician age. The cloud test for the 
second key fraction correspondingly shows an increase through 
the Tertiary and Cretaceous, and only slight irregularity from 
the Cretaceous to Ordovician. The Pliocene oils fall into two 
groups: a group whose first key cut has an A.P.I. gravity of 
29=°, and a second group whose first key cut has an A.P.I. gravity 
greater than 34°. The second group comprises California crude 
oils, which come from oil fields having enormous depth ranges. 
The gravity of the first key cut and the cloud test for the second 
key cut for the first group of Pliocene oils lie approximately on the 
line of variation for the Miocene-Cretaceous oils. 

Three a@ priori explanations of the major trend of the character- 
age variation in Fig. 1 seem possible :— 

1. The present character of the oil depends wholly on the organic 

mother source material, which changed from geologic period 
to geologic period ; 


to 


Chemically, the mother source material was the same for 
all the oils; the present character of the crude oil depends 
upon transformation of the crude oil progressively with time. 
The transformation is in the direction: from naphthenic 
through hybrid, almost through intermediate to paraffinic 
The change, however, seems to be asymptotic to an oil which 
just misses being paraffinic, according to the United States 
Bureau of Mines definition ; 

3. There may have been a change in the character of the source 
material with the passage of geologic periods, but the pro- 
gressive transformation of the character of the oil may also 
have taken place. 

But there is certainly no evidence that the more primitive 
petroleums are paraffinic. If the three ages, A, B and C, are 
taken similarly as in Prof. Seyer’s supposition (page 1266), the 
base of the average crude oil of each age will be respectively 
naphthenic, intermediate toward naphthenic, intermediate toward 
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paraflinic, or in the looser parlance of more ordinary usage, asphalt 
base, mixed base and paraffin base. This order is the reverse of 
that which Prof. Seyer postulates for the age variation of petroleum. 


A study of the variation of the character of the crude oil of 
the Texas-Louisiana Gulf Coast indicates that the present character 
is a function of the present depth and the geologic age of the 
producing sand.2, The summary diagrams of the study are shown 
in Fig. 2. The diagrams are based wholly on analyses by the 
United States Bureau of Mines. The content of each of the 
constituents (gasoline, kerosine, gas oil, etc.) was plotted against 
depth separately for oils of Miocene, Oligocene and Eocene age. 
The mean line of variation of the normal crude oils was drawn for 
each diagram. The diagrams of Fig. 2 were constructed by the 
summation of those mean lines of variation. Progressive increase 
of the proportions of the light constituents and progressive decrease 
of the heavier constituents is shown to take place with increasing 
depth and with increasing age. Extrapolation of those graphs 
backward to zero age and depth suggests strongly that the proto- 
petroleum probably consisted predominantly of “ residuum ” and 
perhaps slightly of the lubricating fractions. The petroleums in 
it predominantly would be the naphthenes or yet more complex 
petroleums. 


The Eocene crude oils of the Gulf Coast, furthermore, seem 
definitely to indicate the transformation of naphthene base petro- 
leum toward and almost into paraffin base petroleum under the 
effect of some depth-linked factor or factors. The A.P.I. gravity 
of the first key cut and the cloud test for the second key cut are 
plotted in Fig. 3 against present depth of the oil sand for twenty- 
one United States Bureau of Mines analyses. A strikingly high 
degree of correlation was shown between the present depth and 
the A.P.I. gravity of the first key cut. The Pearson product 
correlation coefficient is 0-75--0-06 for an increase of the gravity 
of that cut from 26-4° A.P.I. at the rate of 2-15° A.P.I. to a gravity 
of 38-4° at a depth of 6000 ft.; and theoretically to a gravity of 
40° A.P.I. at a depth of 6800 ft. The cloud test of the second 
key cut shows a corresponding correlation with depth. All the 
samples from depths less than 3250 ft. had a cloud test of less 
than 5° F., and all the samples but one from depths greater than 
3350 had a cloud test greater than 20°F. It should be noticed, 
also, that the A.P.I. gravity of the first key cut of the younger 
Eocene oils (Jackson) is consistently less than the average ; and 





* Donald C. Barton, “ Natural History of the Gulf Coast Crude Oil” im 
‘** Problems of Petroleum Geology, a sequel to Symposium on the Structure 
ot Typical American Oil Fields,”’ Amer. A soc. Petr. Geol., 1934 (in press). 
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that, except for two crudes, that A.P.I. gravity for the older 
Eocene oils (Claiborne and Wilcox) is greater than the average. 
That depth variation of the Eocene crude oils must mark the 
transformation of crude oil under the effect of temperature and 
pressure. Decrease of the A.P.I. gravity of crude oil has been 
xplained rather commonly and glibly in the past as the result 
of the greater evaporation of the lighter constituents from the 
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‘allower crude oils. That explanation is not applicable to this 
variation of the two key cuts, for each cut represents so narrow a 
taction of the crude oil that for practical purposes it may be 
ngarded as a single constituent. The observed variation must 
wrk a variation of the molecular make-up of that constituent. 
Those samples of Fig. 2 came from many different oil fields in the 
lf Coast. The only known and surmised consistent variation 
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in the conditions which affected the crudes from which thos 
samples came is the depth of the respective oil sands. The two 
factors which presumably may affect the character of the crude 
oil and which vary with depth are temperature and pressure. [If 
temperature and pressure under the limits of available geologic 
time can produce change in the character of crude oil, seemingly 
within the narrow range of temperature and the greater but not 
excessive range of pressure which affect the oil sands, the rate 
of change should increase with increase of depth and the shallower 
crude oil should be nearer, and the deeper oils should be farther, 
from the character of the primitive crude oil. The observed 
variation of the Eocene crude oil of the Gulf Coast, therefore, 
indicates that the primitive Eocene crude oil was naphthenic or 
yet more complex. The higher A.P.I. gravity of the first key cut 
of the older compared to the younger Eocene oils, a priori, might 
be the effect of original differences in the character of the mother 
source material, but equally well it may be the time effect of those 
factors which are transforming the crude oil. It is in the same 
direction as the general variation from period to period within 
the Tertiary plus¢@he Cretaceous. It, therefore, adds weight t 
the evidence that the protopetroleum is naphthenic or yet more 
complex, and that the evolution of crude oil is from the naphthenic 
series toward and not away from paraffin series. 

The temperatures at which the formation of petroleum starts 
must be far below the temperature of 200° C. which is postulated 
by Prof. Sever, at least for Gulf Coast crude oil. The geologic 
history of the Gulf Coast is relatively simple. It is quite impossible 
that the Gulf Coast crude oils which are now being produced have 
been subjected to temperature as 100°C. Some of the crude oil 
from the deeper sands may have been subjected to temperatures 
as high, but not much higher than 70°C. Much of the crude oil 
cannot have been subjected to temperatures much higher than 
50°C. The normal depth which the oil sands would have had 
without uplift is known. The character of the oil varies with 
age and depth, so that we know that the normal average crude oil 
is indigenous to the formation in which it is found and that it has 
not migrated up from greater depth. The temperatures which 
now prevail in the subsurface within reach of the drill are known. 
The observed transformation of the petroleum with depth and age 
in the Gulf Coast connotes a corresponding enrichment in the 
hydrogen content of the crude oil. That hydrogen enrichment 
of the crude is explained by Pratt as methanation of the crude.’ 





3 Wallace Pratt, ‘‘ Problems of Petroleum Geology, a sequel to Symposium 
on the Structure of Typical American Oil Fields,’ Amer. Assoc. Petr. Geol. 
1934 (in press). 
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Methane is present in contact with and is dissolved in the Gulf 
Coast crude oil. Pratt, with the advice of his physical chemists, 
postulates chemical reaction between the methane and the crude 
oil, and the absorption of the carbon and hydrogen atoms of the 
methane into the molecules of the crude oil. Pratt does not go 
far in explanation of the origin of the methane, but observes that 
it is found in considerable quantity in association with the Gulf 
Coast crude oil. In explanation of the methane the writer suggests 
that :— 
A, Methane forms easily from the decomposition of many types 
of organic material ; 
B. Petroleum may form only from a limited range of organi 
material ; and 


('. Both types of material may be commingled in the mother 
source beds of petroleum; methane and petroleum might 
form more or less simultaneously, the former from the wide 
range of organic material, the latter from its limited range of 
mother organic source material. The methane and petroleum, 
of course, might form in adjacent beds. 











The Efficiency of Flowing Wells.* 


By Crom Jonn May, Ph.D., A.R.C.Se., A.I.C., and Axpegrr 
LAtRD, B.Sc. 


Experimental Studies in the Masjid-i-Sulaiman Field by 
Fields Production Department of the Anglo - Persian 
Oil Co., Ltd. 

SUMMARY. 


1. Factors affecting the pressure drop in a flowing well are discussed and 
experiments described the object of which was to determine the laws of 
flow and suitable numerical constants for Masjid-i-Sulaiman oil. 

2. Apparatus is described for measuring pressures in a flowing well and 
also for drawing bottom hole samples. 

3. It is concluded that over the range of velocities in which friction is 
appreciable the Fanning equation is satisfactory with a constant friction 
factor. 

4. An equation is developed for slippage loss when the ratio of gas t 
oil is less than 1:1; the velocity of slip is estimated at about 0-5 ft./sec. 

5. It is concluded that a stable foam is formed at gas oil ratios between 1 : | 
and at least 5: 1 in which the slippage loss is negligible. 

6. The effect of varying the saturation pressure of the oil on the pressun 
drop for a given depth is discussed. 

7. An equation is developed for the maximum throughput of a bean. 


INTRODUCTION. 

THE importance of a knowledge of the physical laws involved 
in the production of oil from a reservoir has come to be generally 
recognised in recent years, and it is therefore unnecessary to 
detail the many problems which still await complete solution 
Among them the flow of mixtures of oil and gas has attracted 
considerable attention, and a number of papers have appeared in 
the literature from time to time. It is still true, however, that 
the results obtained have not been particularly consistent, and 
there are no generally accepted data available of universal applica- 
bility. It is, in fact, by no means easy to obtain a sufficiently 
wide range of conditions and variables to determine the laws of 
flow without ambiguity, and much of the published research has 
been directed towards the solution of the specific problems of indi- 
vidual fields, representing only a partial treatment of the whole 
subject. 

Conditions in the Masjid-i-Sulaiman field of South West Persia 
are somewhat unusual in allowing certain aspects of the problem 
to be isolated and examined without the disturbing effect of 4 
large number of independent, or partially independent, variables. 
For example, the field being under unit control and production 
being uniformly controlled over the whole structure, it is possible 


ON 





*Paper received February 2, 1934. 
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to maintain steady conditions on any particular well over long 
periods of time. Moreover, since the reservoir rock is highly 
permeable (whether due to pores or to macroscopic fissures is 
immaterial), the underground pressure drop is comparatively 
small and producing gas-oil ratios are sensibly constant for indi- 
vidual wells over wide ranges of production rates. Thus the well 
upon which all the work described in the present paper has been 
carried out showed a difference in bottom-hole pressure of only 
5lb./sq. in. for a difference in production rate of 500,000 gallons 
per day. It has, therefore, been possible to study on the large 
scale the pressure drop in the vertical casing of a flowing well 
with a fluid of constant composition entering the bottom. The 
methods employed and the more important results so far obtained 
are here published with a view to augmenting existing information, 
together with a theoretical discussion of such factors as the effect 
of varying saturation pressure on the flow. 

The work so far concluded deals with comparatively small 
expansion ratios and does not therefore claim to represent a 
complete solution ; in fact, the more difficult problem of flow at 
high gas-oil ratios is only incidentally considered. Further work 
on this branch of the subject is, however, in progress. 

The general theory of the vertical flow of oil-gas mixtures has 
been covered by Versluys in various papers, }* * and reference 
may be made to a recent paper in this journal for a brief outline 
of the problem.’ Certain modifications to the method of Versluys 
have been introduced in the present paper with a view to greater 
accuracy or practical value. It may perhaps be pointed out here 
that, considered strictly, a large number of variables enter the 
theoretical calculation. As oil rises in the well, the pressure falls 
and gas comes out of solution ; the liquid is therefore progressively 
changing in composition and in physical properties (density, 
viscosity, etc.*). It is no small part of the problem under considera- 
tion to determine which of these variations are negligible and 
which of importance in their effect. Briefly the calculation of the 
vertical flow of oil-gas mixtures involves a knowledge of :— 

(1) The Available Energy between any given Pressure Limits.— 
This energy arises from the expansion of the gas, and is calculable 
given the physical properties of the mixture—in particular, the 
gas solubility. 

(2) The Energy Losses in the System.—A definite amount of work 
has to be done to lift the oil against gravity. In addition, since the 
fluid in the well is continuously expanding from the bottom to the 
top of the well, its velocity is increasing and energy is absorbed in 
accelerating the oil. The calculation of both these forms of work 
follows the normal theory of hydrodynamics. 
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Then a certain amount of work has to be done against friction 
and here normal theory can do no more than offer a guide to the 
solution. Fluid friction is a function, among other things, of 
density and viscosity, and it is by no means easy to say what an 
the effective values of these quantities for a heterogeneous mixture. 
Versluys leaves the question to be determined experimentally, 
and in the only detailed experimental work on the subject 5 &? 
a purely empirical equation is used for calculating friction : 

u p Z° 18 


( 


A P;, = 0-00125 


where 4P;, is the friction head, u the velocity, p the density, 
Z the absolute viscosity, and d the casing diameter. This formula, 
however, is dimensionally unsound and appears to have no 
theoretical justification. 

Finally, the difference in density between oil and gas leads to a 
tendency for the gas to move vertically faster than the oil and for 
energy to be dissipated by friction between the two phases. This 
energy loss (slippage) represents the greatest difficulty in accurate 
calculation at low rates of flow, but is proportionately less important 
at high rates. According to Versluys, there are two fundamentally 
different types of flow. In the first there is relatively more oil 
present than gas and individual gas bubbles rise through a con- 
tinuous oil phase with a velocity of between 0-6 and | ft.’sec. 
this he calls the foam condition. As the ratio of gas to oil approaches 
1:1 slippage decreases to a negligible quantity, and ultimatel) 
increases again as gas becomes the continuous phase and oil tends 
to fall through it at velocities of some 30 ft./sec. (the mist condi 
tion) (2.7). Although various formulae can be deduced for caleu- 
lating the slippage loss, they all involve a knowledge of the velocits 
of the slip (relative velocity of oil and gas), and in practice it has 
so far been found necessary to rely on experimentally determined 
slippage factors of more or less local applicability only.? Published 
results from the Texas and other fields, for example, give too low 
an efficiency when applied to wells in M.-i.-S. 

All the above-mentioned points are elaborated under th 
appropriate headings in the present paper. 


EXPERIMENTAL WoRK IN PERSIA. 

As previously stated, energy losses in the formation are not 

considered in this paper, which covers flow from the foot of the 
well to the surface. 

Given the bottom-hole pressure for a given rate of flow and the 

properties of the oil, it is required to calculate the pressure drop 

over a given height ; any problem in ccnnection with this aspect 
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of the efficiency of flowing wells can be reduced to this form. 
Experimentally, therefore, curves showing the relationship between 
depth and pressure in a well flowing under a variety of different 
conditions have been measured. For convenience, most of the 
measurements have been carried out in one well with different 
sizes of flow string, bottom-hole beans, etc. This necessitated 
the design of a pressure indicator of sufficiently small diameter 
to run in the well without appreciably affecting the flow. Secondly, 
the energy available in unit volume of reservoir crude has been 
measured by expanding a bottom-hole sample down to various 
known pressures and volumes and integrating the resulting pressure 
volume curve over given ranges of pressure. And finally, the two 
sets of results have been compared to establish the equality between 
available energy and the work done for a given height in the well. 

Nomenclature—The following symbols are used consistently 
throughout the present paper. Except where specifically stated 
to the contrary, the F.P.S. system of units is used throughout, 
and all pressures are absolute. 


P Pressure (general) .. si 7 i .. Lbs. per square foot. 
p Pressure (general) .. i oa me .. Lbs. per square inch. 
p; Saturation pressure 2" a ‘“ .. Lbs. per square inch. 
pa Atmospheric pressure = P “a .. Lbs. per square inch 
pb Bottom hole pressure aa ia oa .. Lbs. per square inch. 
pt Flow head pressure 04 oe oe .. Lbs. per square inch. 
v Specific Volume of flowing mixture at Cubic feet per lb. of % 


pressure p. total fluid. 
0 Density of flowing mixture at pressure p .. Lbs. total fluid per 
cubic foot. 


® Density of oil Lbs. per cubic foot. 
s I 








% Density of gas 


Flow string diameter 


Lbs. per cubic foot. 
Inches. 


D_ Flow string diameter Feet. 

A Cross sectional Area - -_ .. Square feet. 

w Total weight of fluid passing casing in unit time Lbs. per second. 

Q Volume of free gas passing a given section of Cubic feet per second, 
casing in unit time. 

q Volume of oil passing a given section of casing Cubic feet per second. 
in unit time. 

Vs Rate of production Gallons flow tank vil 

per day. 

u Actual oil velocity Feet per second. 

Um Mean fluid velocity Feet per second. 

b Velocity of slip Feet per second. 

| Absolute viscosity F.P.S. units. 

Uv Kinematic viscosity F.P.S. units. 

k Friction factor ; -- 

x Depth below flow head Feet. 


an instrument designed to offer a minimum of resistance to flow. 


1. The Fundamental Pressure Depth Curves. 


The measurement of pressure depth curves has been mostly 
confined to one particular well; they have been carried out with 
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The design of this apparatus is shown in Fig. 1. Essentially, 
it consists of a closed-end manometer E, the effective range being 
restricted between determined upper and lower limits in order 
to obtain an open scale. This restriction is effected by means 
of a lower metal bulb Q, and an upper glass bulb, and any desired 
range can be obtained by suitably adjusting the volumes of these 
two parts. The well pressure is exerted through the opening H, 
and forces mercury into the capillary tube E, which is lightly 
silvered on the inside. The maximum external pressure applied 
is then indicated by a sharp line below which the silver has been 
dissolved. In practice the instrument is lowered into the well 
to a definite depth, together with a maximum thermometer con- 
tained in C. It is then withdrawn, the level reached by the mercury 
and the maximum temperature noted, and the instrument returned 
to a greater depth, i.e., to a greater pressure and temperature. 
Some half-dozen readings are thus taken on the one silvered tube, 
which is then calibrated by connecting directly through H, to 
a dead weight tester, the mercury being forced back to the 
previously-recorded level, and the corresponding pressures ob- 
served ; a correction has to be applied for any temperature 
difference at the time of calibration; for this reason a water 
bath A is placed over the tube. A second instrument is then 
run in similar fashion, the bottom bulb being sufficiently larger 
to make the lowest pressure recorded on the capillary a little lower 
than the highest recorded on the first instrument. The number of 
tubes required and the dimensions depend on the pressure range 
under examination and the accuracy desired, it being usual to 
allow about 1 mm. of scale to the Ib. at the closest part of the 
scale. The only disadvantages lie in the facts that the instrument 
has to be removed from the well for each reading and that with 
very high surface temperatures there may be some difficulty in 
determining the temperature in the well. It is, however, hoped 
to overcome both of these by suitable design. The advantages 
over the other types of pressure recorder are :— 

(1) Its accuracy, which can be increased to any desired extent 
within reasonable limits. 

(2) Its external diameter. In the instruments actually used 
this was 1 in., and there is no doubt that by careful design and 
manufacture it could be still further reduced. The weight, more- 
over, is not excessive, and piano wire and a hand winch can be 
used for running. 

Some twelve or more pressures have been obtained at each rate 
of flow, and all the experimental points are plotted on Fig. 2, 
together with curves calculated from the considerations given 
in the body of the report. The instrument is generally considered 
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to be accurate to within } per cent.; occasional obviously larger 
errors may be due to choking of the manometer tube or failure to 
reach temperature equilibrium underground. A list of all the curves 
obtained on this one well is given below in Table I, with the velocities 
of the gas-free oil at the foot of the flow string, values of Reynold’s 
number at the same point and other relevant data. 

A point of particular importance in connection with this section 
of the work is that all the experiments have been carried out on 
the full seale and with natural flow. Much of the published data 
has been obtained from small-scale experiments, using artificial 
gas lifts in which there can be no question but that the state of 
sub-division of the gas and oil is very different from that which 
obtains in normal flow (cf. ref. 5 and the subsequent discussion, 
ref. 6). 


TABLE I. 

Velocity Reynold’s Flow head Actual Mean 

Flow Production of gas- number. pressure yas-oil velocity at 

Curve string. g.p.d. flow- tree oil. Gas-free — Lhs./sq. in. ratio at — flow head. 
tank oil Ft. ‘sec. oil. abs tlow head. Ft./see. 

r.. we 42,000 0-16 6,000 61 5:1 0-96 
a... 1 106,000 0-39 14,600 74 4:1 10 
m.. ie 554,000 2°12 80,000 9) 25:1 74 
_* 61” 28.000 0-26 6,500 72 4:1 1-4 
Vt, 61” 210,000 1-99 48,500 Is-24 25:1 2-0 
VL* 63 370,000 35 85,000 19-22 22:1 80-0 
VII. 64” 520,000 4-04 120,000 $2 3:1 20-0 
VITl 1’ 11,000 0-27 4,100 76-77 4:1] 1-4 
_ 4” 42.000 0-99 14,800 89-5 25:1 35 
X. 4 315,000 78 117.000 21 85:1 74-0 


* Flowing through bottom-hole beans. 


2. Available Energy. 

It is very generally the case that the static pressure in an oil 
reservoir is insufficient of itself to raise the fluid to the surface ; 
the flow in a well is only maintained by the release of gas from 
solution and its subsequent expansion with falling pressure, and, 
possibly, by the presence of free gas drawn from the formation or 
artificially injected. Even if the reservoir pressure is sufficient 
to support a liquid column equal in height to the depth of the 
well, the pressure at some point will usually fall below saturation 
pressure with the consequent evolution of gas under normal flowing 
conditions. The effect of this free gas may be considered from 
tither of two points of view : 

1. As reducing the effective density of the fluid column ; this 
method is of value in the calculation of “ slippage ”’ (vide infra). 

2. As providing additional energy by expansion above that 
normally produced by the fall in static pressure ; this method of 
approach being more generally applicable. 
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It has been customary in early work on the subject to treat the 
gas and oil separately, and to assume the ordinary gas laws in 
calculating the expansion.1:5 Very considerable errors may be 
introduced in this way. The deviation from Boyle’s law of methane, 
for example, is 10 per cent. at 6001lb., and it can scarcely be 
expected that Henry’s law will hold over any wide range of 
pressures when it is considered that the composition of the gas 
varies between very wide limits (c 90 per cent. Me at 450 lb. and 
50 per cent. at atmospheric pressure for M.-i-S. oil), while the 
volume of the liquid phase changes by some 15 per cent. 
on dropping the pressure over the same range. The problem is 
considerably simplified in M.-i-S. by the fact that, in general, 
no free gas is drawn into the well with the oil, i.e., the gas-oil 
ratio remains sensibly constant over wide ranges of production. 
It has, therefore, been possible to draw bottom-hole samples under 
full saturation pressure and measure the expansion curve for the 
total fluid without separating the two components or making 
any assumption as to solubility, etc. (cf. a similar treatment, 
Ref. 8). Plotting the resulting curve in the form specific volume 
in cu. ft./lb. against pressure in Ib./sq. in., the available energy 
can be obtained from it by integration, as below. 

The work done by expansion is given by the standard formula 
Pdy for a small increase dv in the specific volume; the work 
done by the static head is Py—(P+dp) (v-+-dv)= —Pdv—vdP. 
Since there is no other source of energy, we obtain, summing 
these two :- 

Pdv—Pdv—vd P=—vdP 


and the total energy over a finite range of pressures 


P, P, 
— [ vdP = f vdP 
P, P, 


the pressure being in lb./sq. ft. P, the higher and P, the lower 
pressure or 


Pi 

44 [ vdp, the pressure being in lb./sq. im. .............45. (I) 

Pe 
The energy so calculated is in the units ft. lb./lb. of total fluid ; 
it must be borne in mind that ordinary production measurements 
of rates of flow are given in terms of gallons of flow-tank oil per day. 
For the purposes of calculation this must be converted to Ib./sec., 
and have added to it the weight of free gas. 

At this stage it should be pointed out that the saturation pressure 
of a reservoir crude is not necessarily equal to hydrostatic pressure 
nor constant throughout any one field. By saturation pressure 
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in this connection is meant the pressure at which gas is first 
released from solution as the pressure on its surface is reduced. 
For a discussion of the various factors involved reference should 
be made to papers by Comins® and Pym.!° It follows that the 
saturation pressure must be measured for each well under test 
and a separate p-v curve measured or calculated (vide infra) for 
each saturation pressure. If free gas is drawn into the well the 
effect is approximately equivalent to a specific increase in satura- 
tion pressure; the precise effect being measurable by recom- 
pressing a representative sample of the flow-head mixture to 
bottom-hole pressure and preparing a p-v curve for the resulting 
product. 

The Experimental Pressure Volume Curves.—For the measure- 
ment of pressure-specific volume curves a new sample taker has 
been designed ; this is shown in Fig. 3, the method of operation 
being as follows. The apparatus is first inverted and, valve C being 
closed, the cylinder B is completely filled with mercury (about 
2400 c.c.) through the opening D, which is then plugged. The 
instrument is then placed in an upright position, and by passing 
compressed gas through valve E mercury is forced into the top 
cylinder A (capacity about 1770c.c.). When completely full 
the plug G, carrying the non-return valve H, is screwed in, excess 
mercury being forced out through valve J. By this means all air 
is removed from the top cylinder and a mercury seal of some 
Gin. remains in the bottom one. The valve C remaining open, 
an excess gas pressure is now applied to the gas space in B. Valve E 
is then closed, the tube H filled with mercury and the instrument 
lowered into the well. The non-return valve (which consists 
simply of a rubber sleeve covering a few small holes in a sieel 
tube) remains closed until the pressure at depth in the well exceeds 
the applied gas pressure, when oil enters the cylinder A and dis- 
places mereury into B. The point in the well at which the sample 
commences to enter the apparatus is determined by the initially- 
applied gas pressure, and the size of the sample by the additional 
depth to which the instrument is run. On withdrawal from the 
well the valve H is kept closed by the differential pressure. Valve C 
can then be closed, cylinder B removed and a p—v curve determined 
by attaching a primed pressure gauge at J and running out mercury 
from C. The sample taker has a number of obvious advantages : 

(1) The sample is drawn in slowly with no appreciable pressure 
drop and hence no gas evolution. The necessity for this was first 
emphasised by Comins and Truscott, who described a means of 
achieving the same end." 

(2) The sample is held under a positive pressure, so that any 
leakage from the top of the cylinder is a leakage of total oil and 
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not merely of dissolved gas. The representative nature of this 
sample can therefore always be relied upon. 

(3) For carrying p-v curves down to low pressures very large 
expansion ratios are required. The method described above 
enables sufficiently small samples to be collected with certainty 
and accuracy, and does not necessitate transference from one 
vessel to another. The difficulty of measuring the small volume 
has been overcome by using the sample taker described by Pym,” 
which draws a sample of about 1 litre, to determine the upper 
part of the p-v curve to which the complete p—v curve from the 
small sample can be fitted. 

The outer jacket K, shown in the diagram, is intended to catch 
mercury in the event of a bad leak developing. 

Two curves have been measured, using oils of different saturation 
pressures (viz., 465 and 577 lb./sq. in. abs.). 

It should be observed that so far as these experimental curves 
are concerned, there are certain possible sources of error in addition 
to the ordinary errors of experiment. 

(1) The substantial accuracy of the accepted value of the 
density of reservoir crude is assumed.* It appears probable that 
any error will be negligible, but a suitable correction must be 
applied if more accurate figures subsequently become available. 

(2) Since the experimental determination of a pressure volume 
curve occupies at least a complete day, some loss of H,S is 
inevitable. This, however, should not be very rapid in the absence 
of water and will to some extent be compensated by the evolution 
of hydrogen ; it has been noted, in fact, that the fall in pressure 
of a sample standing overnight is generally inappreciable. 

For the purpose of strictly accurate calculations, two other 
features need to be borne in mind. 

(1) The pressure volume relationship is a function of the tem- 
perature and should be measured at the temperature actually 
obtaining in the flowing well at corresponding pressures. These 
necessarily vary with the initial bottom-hole temperature and, 
for any given well, with the rate of flow (rate of heat transfer 
across the casing, friction, etc.). It should therefore be necessary 
to construct a series of isothermals for any saturation pressure 
and to draw the actual p—v curve for a given rate of flow to inter- 
sect these isothermals at the appropriate points. In order to 
simplify the practical application as much as possible, a mean 
temperature-pressure curve has been taken (Fig. 4) and the p—v 
curve corresponding to this has been used in all calculations. 
Deviations from this mean curve will have the effect of increasing 
or decreasing the pressure at any given specific volume by some 
0-5 per cent. per degree Fahrenheit, and the total available energy 
Q 
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by a quantity of the same order of magnitude. Certain minor 
discrepancies between theory and experiment are therefore 
attributable to this cause and it must be remembered that in flow 
from considerable depth in the reservoir the total available energy 
will be 1 or 2 per cent. more than that calculated. 

(2) In measuring the pressure volume curve it is assumed that 
equilibrium between free gas and oil exists at all pressures. It is 
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PRESSURE TEMPERATURE CURVES 
NUMBERS REFER TO TABLE 1, 
possible that this is not strictly true at very high rates of flow. 
when some degree of super-saturation of the oil may be set up 
No positive evidence of this phenomenon has been observed i 
the experimental work to date and the effect is probably too small 
to be noticed, except at the very high velocities obtainable with 
small-diameter chokes (vide infra). 





PS AMMA Yat 2D 


INIA? HIONYISFIY G7, 


“2 
ow -_ 





minor 
prefore 
in flow 
energy 


d that 
It is 


f flow 


et up 
ved in 
) smal 
e with 


} 








MAY AND LAIRD : 


THE 


EFFICIENCY 





OF FLOWING WELLS, 227 


For saturation pressures other than those examined experi- 
mentally, some method of interpolation between the pressure 


volume curves is desirable. 


A simple and sufficiently accurate 


method is available, based on the assumption that Henry’s law 
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holds over small ranges of pressure and that the composition 
of the gas in equilibrium with the crude is sensibly constant 
over the range of saturation pressures considered. It then follows 
that equal increments in saturation pressure involve equal incre- 
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ments in the volume of dissolved gas, and, therefore, equal incre. 
ments in the pressure at any given value of the specific volume. 
The method of proportional parts can, therefore, be used for 
interpolation along the pressure axis. In the attached drawing 
(Fig. 5) three curves calculated on this basis (at 400, 520 and 
625 lb./sq. in. abs.) are given in addition to the two experimental 
curves and interpolation formule for any other saturation pressure. 
These formule give the value of the pressure at definite values 
of the specific volume and are purely empirical in origin. At 
pressures below 120 lb./sq. in. abs. the two experimental curves 
proved to be very nearly true hyperbolae and can be represented 
by the equation :— 
0-0142 ps 0-0140 ps 
= ——— and ——— 
p—5 p—5 
respectively. For purposes of interpolation the general empirical 
0-0141 Ps 

p—d 
results, and is also of considerable value in simplifying integration 
and other calculations in this range. (Putting p=14, for example, 
we get the specific volume at atmospheric pressure 0-734 at 465 lb. 
saturation pressure and 0-90 at 5771lb.; equivalent to gas-oil 
ratios of 35: 1 and 43: 1 based on reservoir crude or about 40-5: 1 
and 49-5: 1 based on flow tank crude.) 

These various curves have been integrated graphically in accord- 
ance with equation (I.) to give the available energy between any 
pressure limits and the results are plotted on Fig. 6. For pressures 
above saturation pressure the curves of course become straight 
lines, whose slope is determined by the density of reservoir crude 
with the appropriate gas content. These curves represent the 
available lift assuming no energy loss, i.e., that the total work of 
expansion is done against gravity, and may be used as approximate 
actual pressure depth curves for medium rates of flow (cf., curves 
(III.) and (IX.), Fig. 2, where experimentally determined points 
are plotted for two rates of flow over the integrated p—v curve). 

A point which should perhaps be stressed is that the formula 
fvdp includes the work done by the drop in static pressure, which, 
over large ranges of expansion, is negative. Static pressure at 
the foot of the well cannot, therefore, be taken as any real guide 
to the available lift. 


equation v may be used to give sufficiently accurate 


III. THe GENERAL EQUATION OF FLOW. 
Having given the energy available between any pressure limits, 
it is necessary to equate it to the work done between the same 
limits. This work can be divided under a number of different 
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headings, all of which should strictly be summed up to give th 
complete equation of flow. It is usually the case, however, that 
one or more of the various quantities involved is negligible in amount 
compared with the total and may be omitted without seriously 
affecting calculations. Each of these sections will be treated 
separately below and the summation returned to at the conclusion 
We have the following equation for vertical flow in the well :- 
dE = l44vdp=dW,+dW,+dW,+dW,. 
Where dE available energy. 

dW, = work done against gravity. . 

dW, = velocity head. 

dW, = work done against slippage. 

dW, = work done against friction. 


IV. Work Done AGatnst Gravity. 

The energy calculated above is in the units ft. lbs./lb. of reservoir 
crude, and, therefore, is a direct measure of the height to which 
oil can be lifted if there are no other energy losses. Keeping to 
the same units 

dW, = dx 
where dx is a small increment in depth. Or integrating in the 
absence of other energy losses 


. Pi 
fa EK—144 vdp X)—Xg. 
‘ Pe 


So that, as mentioned above, the curves of Fig. 4 are actual pressure 
depth curves under these circumstances. 
V. VeLocitry Heap. 
The kinetic energy of a moving fluid is given by the usual formula 


9 
u? 
5~ ft. Ibs. /Ib. 
-8 

where u is the velocity. The mean velocity of an oil gas mixture 


, ‘ vw - ; 
is evidently —- where v is the specific volume and w the weight 
of total fluid flowing per second and A the cross sectional area 
We therefore have that the total kinetic energy at any point in 
the system is: 


Aw, a 
: . 2gA* 


ee err (i. 
- g A 


There are two small errors in this equation. In the first place, 
the velocity over the cross section is not constant, the variation 
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being of the order of 20 per cent. for homogeneous fluids; the 
difference between the mean square and the square of the mean 
velocities is, however, only about 2 per cent. over this range— 
which is negligible. And secondly, if there is appreciable slippage, 
the oil, which accounts for the bulk of the kinetic energy of the 
fluid, will be moving at rather less, and the gas at rather more, 
than the mean velocity. This error will also ch cats be negligible 
but a sufficiently accurate correction can be applied for it if desired 
by replacing the mean velocity by the actual oil velocity discussed 
below under the heading of slippage. 


Va. VeLociry Heap: THe THrovuGurut oF BEANS AND SHORT 
NIPPLES. 

In normal flow problems the kinetic energy of the fluid is generally 
negligible ; it will be considered below as a correction to be applied 
to calculated friction curves. It is, however, the only important 
factor in determining the flow through small diameter chokes and 
is of major importance in limiting the throughput of flow lines. 

Consider a bean smoothly contracted from full line diameter to a 
throat area A; let the initial and final pressures be p, and pg, 
the corresponding specific volumes v, and v,, and the throughput 
w lbs. of total fluid per second. Then the kinetic energy at the 
throat is very nearly 
ar ft. Ibs./Ib. 


Neglecting friction and the upstream velocity head : 


144 [ on 
Vie p =- = 3 
Po 2g A 


9 | Pi 
or wn a J Be i cccapucceevameien (iii.) 
- Pe 


This formula gives the throughput of a bean for given initial and 
final pressures, provided that the pressure drop is not excessive. 


Vv," Ww? 
Io 
ae 





Pi 
The value of the integral 144 J vdp can be obtained from 
ok Pe 
Fig. 6, and of v, from Fig. 5. For work in M.-i-S. at initial 
; 0-0141 p, 
pressures below 120 lbs./sq. in. abs. v becomes equal to eg 
P= 


the equation then simplifying to : 


; ” 4-6 g pPi—5 , 
12 A (p,.—i mans IOP 1) ————<. . 0s eee eee Ki 
i (P2—9) nl sata Ps 10810 P2—5d tv.) 
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or converting to the more usual units : 


V 65,100 ai 
a, @ cee 5 Pi—2 , 
AL ° ~ (p. —5) a toes =? eT TT TT CTT CT eT Te (v.) 


where V is the throughput in gallons of flow tank oil per day and 
d the diameter in inches. 

In the practical application of this equation, it must be remem. 
bered that the change in diameter from the line to the choke is 
usually abrupt, and the calculated throughput must, therefore, be 
multiplied by a contraction co-efficient varying from 0-61 to nearly | 
in accordance with the ordinary theory of fluid flow ('). 

Maximum Throughput.—For a given initial pressure equations 
(iii.) and (v.) hold down to a certain critical back pressure any 
reduction below which does not affect the throughput. The 
velocity at this point is, according to the ordinary theory of steam 
jets, equal to the velocity of sound in the fluid and may be calcu. 
lated either by differentiating equation (iii.) to give the maximum 
value of w or from the following considerations. 

At the critical point a small drop in pressure involves an increase 

, 2 , 
of kinetic energy of pd hg Svs dp and in the available energy of 
; gA® dp 
-144 v, dp. If the first of these quantities exceeds the second, a 
reduction in pressure in the throat would necessarily involve a 
reduction in throughput; the critical conditions are therefore 
given by the formula : 
v,w dv, 


——‘dp 144 v,dp 
Pp 


or w=12A |e ; Ti ixsussicnlesinnewaienibieeeteee le (vi.) 
dv, 


Equating the two values of w: 


1 Pi dp 
a fn , _g 
va 2g Jf vdp 8 iv, 














This equation gives the critical value of the back pressure for a 
given initial pressure and substitution in either of the two equations 
(iii.) or (vi.) then gives the maximum throughput. 

Again for the special case of M.-i-S. crude below 120 lb./sq. in. 
0-0141 p, 


and equation (vii.) therefore 
(p—9) 


initial pressure v 
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becomes : 
2 x 0-0141 p, 
* (p.—5)? i 
ue x 0.0141 p, log, —s =} 
(P2—5) 
1.e., log se - . = 0-217. 
> p.—5d 2X 23 
Whence p,=0-605 p,+1-975 lb./sq. in. Abs. ........ . (vili.) 


Substituting in equation (vi.) to give the maximum throughput : 


—« J — - (0-605 p,—3-025) 
=" 0-0141 p, 








4 ) 
a so Se 9 (0-605 p,—3-025) .........4.. (ix.) 


d? VPs 
The appropriate contraction coefficient must, of course, be used. 

It should be borne in mind with regard to the specific equations 
(iv.) (v.) (viii.) and (ix.) that :— 

(1) They apply only to M.-i-S. oil with its full complement of 
gas ; if oil from a h.p. separator, for example, is under consideration 
a special p-v curve must be constructed and the calculation re- 
peated—the same of course applies to oil from other fields. It 
will probably be necessary in these cases (as for M.-i-S. reservoir 
crude at pressures above 120 Ib.) to solve equation (viii.) graphically. 

(2) They apply only to short beans and nipples in which friction 
can be neglected ; the case of long flow lines can be calculated if the 
friction loss is known (vide infra). 

(3) P-v curves based on temperatures recorded in flowing wells 
are not strictly applicable for this purpose, which requires adiabatic 
expansion curves. The error, however, will normally be small, 
and such curves can, if required, be experimentally determined. 

(4) At very high velocities there will probably be a certain 
degree of supersaturation of the oil. This will have the effect of 
reducing the available energy between given pressure limits and 
also reducing the velocity for a given throughput. For a small 
lag in equilibrium these two effects will probably nearly cancel out 
and result in substantially the same throughput at a somewhat 
lower exit pressure. Experiments to compare theoretical and 
actual throughputs of properly designed nozzles are, however, in 
hand and would indicate any great deviation from equilibrium, and, 
if negative results were obtained, would remove one source of 
wicertainty in the interpretation of pressure depth data. 

Practical Applications.—Equation (v.) may be used to measure 
or check the output of any well flowing through a choke under 


Whence 
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normal production conditions, while equation (ix.) gives the 
maximum possible throughput of a line of given size with any 
back pressure, and therefore fixes the absolute minimum size of 
offtake line from the flowhead of a well to obtain a given production 
rate at the existing flow head pressure. The problem is usually 
simplified in M.-i-S, by the fact that with most wells the flow head 
pressure varies only slightly over wide ranges of production rate; 
the effect of any size of choke on such a well can then be easily 
calculated if the back pressure is below the critical value and the 
normal flowing pressure is known. 

If greater accuracy is desired than can be obtained by assuming 
a constant flow head pressure (as for example in the case of wells 
with high bottom hole differentials), the method of successive 
approximations can be used ; first calculating the throughput of 
the choke for a given flow head pressure, then a new flow head 
pressure for this particular rate of production and so on until the 
error becomes negligible. 

Similar applications can obviously be made to the calculation of 
the throughput of bottom hole beans. 


VI. Frow at Low Rates.—S.Lippace. 


At very low rates of flow all normal energy losses become 
negligibly small. Curve (III.), Fig. 2 shows such good agreement 
between experimentally observed pressure depth data and the 
integrated p-v curve as to indicate that friction is negligible at 
rates of production of 550,000 g.p.d. through 10-in. casing and 
40,000 g.p.d. through 4-in. tubing. At much lower rates, however, 
the problem is complicated by the tendency for the free gas to slip 
through the rising oil and to maintain an appreciable relative 
velocity between the two phases of the fluid. So great an amount 
of energy may be dissipated in this way that it will ultimately 
determine a minimum rate of flow for any given well, and its 
alculation is, therefore, a matter of great importance. 

If b is the relative velocity between gas and oil at any point in 
the well, the actual velocity of the oil u is evidently given by the 
equation 


» = 4. 4 id Rim wstdne ueuaean (x.) 
u-+b u 


where Q and q are the volumes of free gas and oil passing per sec., 
and A the total cross sectional area. It is necessary at this point 


to observe that the actual gas-oil ratio Q only deviates from that 
( 


given by the basic p—v curve to an extent depending on any lack 
of equilibrium between the two phases, but that we may define al 
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effective gas-oil ratio = as the ratio of the volumes of gas 
- q(u--b) 

and oil instantaneously in contact at the point under consideration. 

Returning to equation (x.), the oil velocity is less than it would 
be if there were no slip, and its value is the positive root of the 
quadratic 

Aw —(Q+q—A b) u—q b=o 
Q+q—Ab LV(Q+q +Ab?)—4AQb 
2A 

It will be seen on expansion that (Q+q-+Ab)* is always greater 
than 4AQb. We may, therefore, obtain a simpler approximation 
to the value of u by writing 








Whence u 


-AbP?—4AQl Al 349° 
V(Q+q+Ab?P—4AQb=(Q a+ 4))- O+q+AB 
and neglecting higher terms of the expansion (the maximum error 
involved if (Q+q+Ab)?=4AQb would be 0-086 (Q+q-+-Ab or) 

about 5 per cent. of the value of u). 

















wlis I 
Whence u at sma “ , Ay, *PProx. 
Writing QF _ F and a>. c 
q ( 
b (F? +t Cc) e 
ee an SS ST TTTTCL TTT TTT xi. 
u=2. +9 (xi.) 
The effective gas oil ratio is therefore 
a ot |<. ee (xii.) 
q(u+b) (F?+c)+e (F+ ce) 
and the effective density 
(F — 1) (F? +c) 
7) Stattae wT ae 
Reimer sictxxncnnadtossacends (xiii.) 





(F —-1 (+0) 
(F2 +c) +¢(F +c) 
where p, and p; are the actual gas and oil densities respectively. 
Now the actual specific volume at the pressure under consideration 
is 





ae F 
Qpe+qa (F-1) pet+p 





x 


whence (F—1) p, m CMD cctedevecisdsaccsenevenee’s (xiv.) 
¥ 
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Substituting in (xiii.) the effective density hecomes 


F (kK? t c): t ce (F t C) pi 





F (F?-+-¢) |} ¢ (F +-e) 
Now if friction and velocity head are negligible the effective 
density represents the slope of the pressure depth curve 
, dp l 
compare— 144 vdp=dx for no slippage, i.e., 144 eae 
dx vy 
I . 
dP dp F (F?+-c) y+e(F+ c) p; 


i. 


"dx dx  F(F®+e) +c (F+e) 
And since Q + q =vw 


W (~ w? A *) | Abp, (~ Ww A *) 
144 dp _ 4 q q q q q 


dx vw/v?w Ab Ab /vw Ab\ 
q\ ¢@ =} q\q- -) 


w (v?w? + Abq) + Abpiq (v w + Ab) 














vw (v?w?-+Abq)+Abq(vw+-Ab) °° 
While strictly accurate (apart from the approximation to the 
value of u) this equation is very unwieldy and can be simplified 
considerably if we neglect the weight of the free gas in calculating 
the density. 
We then have from equation (x.) 








us = Au—q 
utb Q 
u Au 
The effective gas-oil ratio = e —— == —— — ] 
° q (u + b) q 
And the effective density — . a (xvii.) 
, Au Au 
——I1+1 
q 
Substituting for u and proceeding as in equation (xvi.) 
dy vw +Ab a 
144 wr tar 2 EET (xvill 
1 Pid aw? Abgq — 
| 144 Pi 72 Ww? = £ I 
or [ dx = — [ pi | eee (xix.) 
X- 4Pi p, vw+Ab 


which is the equation to the pressure depth curve. 

We may further (neglecting the weight of the gas in comparison 
with that of the oil) write qo,—w and take a mean value for the 
liquid density. In actual fact this density increases as gas is 
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evolved from solution, but the increase over the range 400 lb.- 
100 Ib./sq. in. abs. for M.-i-S. oil is only about 2 per cent. 
Equation (xix.) can then be written in a more convenient form for 
calculation. 





7" 144 Pi vpy +1 
[ a a Se [ Ab | _ 
ee Oi sicsee CE 
Ze P w ., 
2 Pp: pe 
2 \ Ab t l 
Differentiating 
2 4 
; 144. P Ab 
dW, = dx = — - —~—— dp = dE—dW, 
p Vv +1 
A b . 
Since friction is negligible 
Writing dE = 144 vdp we get 
1 
144 (v — ~ ) 
qdW.= ——_£* Eaidnsseckcees pamamintecas ives 
i 


It remains to consider the velocity of slip, b. 
If this is known for every point in the system we can evidently 


plot the function ———————-. against the pressure and integrate 
Ww 


v— 

Ab 
the resulting curve graphically to give the pressure depth curve 
for the particular conditions of flow under consideration. Unfor- 
tunately, neither theory nor direct experiment can provide any 
really satisfactory value. In the lower part of the well we may 
assume that we have bubbles of gas rising through a continuous 
oil phase. The size of the bubbles is, however, unknown and more- 
over tends to increase with falling pressure. The relationship 
between bubble diameter and velocity for small values of both 
is given by Stokes’ Law, which states that the velocity is propor- 
tional to the square of the diameter, but this law begins to break 
down at diameters in excess of about +‘ in."°, when flow round 
the bubble begins to depart from the streamline condition. With 
still larger bubbles, the upper surface tends to become flattened 
and a combination of the two effects—turbulent flow and increased 
vesistance due to flattening—tend towards a constant velocity, 
a result which would probably be hastened by interference between 
the individual bubbles. The assumption of such a constant velocity 
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over the whole range of pressures within which slippage is occurring 
would seem to offer the only reasonable possibility of calculating 
such pressure depth curves. The percentage error due to such 
assumption would probably be greatest at high pressures when the 
free gas volume is small and the effect of free gas is also small, so 
that the absolute error need not necessarily be very large. 

Four experimental curves are available for checking this assump. 
tion. In Fig. 2 curves calculated from equation (xx.), with assumed 
constant values of b, are plotted together with the experimental 
points, and it will be observed that agreement is very close down 
to pressures of the order of 100-150 lb. per sq. in. abs. It will 
further be observed that it is necessary to take somewhat different 
values of b to obtain the best agreement between the calculated 
curves and the experimental results—the values varying from 
0-29 ft./sec. to 0-54 ft./sec. As a matter of fact, fair agreement 
is obtained on all the curves with an assumed velocity of slip of 
0-5 ft./sec., except at the lower pressures. It is here, however 
that the major part of the slippage occurs, and we further come 
up against another factor. At some pressure in the region of 
150-100 lb. there is a change in the nature of the flow ; the velocity 
of slip decreases very rapidly and there is formed a stable foam in 
which slippage is negligible. There is a remarkably abrupt change 
in the slope of each curve, and below this point (indicated by arrows 
in Fig. 2) the calculated curves plotted along with the experimental 
results are transferred direct from the integrated p-—v curves 
(Fig. 6) without making any allowance for energy losses. This 
phenomenon is in general agreement with the conclusions of 
Versluys. He, however, regards this stable foam as an intermediate 
phase which does not extend over any great distance, being replaced 
by “mist ” * 7, in which slippage again increases ; whereas our 
experiments would indicate that the stable foam persists up to 
comparatively high gas-oil ratios—at least 5: 1 (ef., Curve I.) and 
probably nearer 10:1 (unpublished curves). Versluys further 
regards the unstable foam as changing to the stable variety at about 
a gas-oil ratio of 1:1; in our experimental curves the break 
occurs at from 1-3: 1 to 2-2: 1, the limiting gas-oil ratio increasing 
with decreasing velocity and being near an effective ratio of 1 : 1. 

The actual specific volume at which the effective gas-oil ratio 
reaches 1:1 can evidently be derived from equation (xviii.) 
From this the effective specific volume is : 


v*7p — + 1 
vwt+Abq _ PAD 


€., 








pig(vw+Ab) ' 
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If now we take the points at which breaks occur in the curves of 
Fig. 2, and the assumed velocities of slip for each curve, we obtain 
the following figures : 

TABLE II. 


Rate of flow Actual gas-oil Effective specific Effective gas-oil 
g.p.d Casing ratio. volume. ratio. 
42,000 si 10” 2-25: 1 0-044 <- 115: 1 

106,000 ee 10” 1:5 :1 “a 0-037 an 0-85: 1 
11,000 4” 13 :1 0-039 _ 0-91 : 1 
28,000 63” 15 :1 ee 0-040 7 0-96: 1 


As might be expected a stable foam is formed earlier at higher 
rates of flow and in smaller sizes of casing. 

In attempting to calculate slippage losses, therefore, we find 
that the loss is by no means a simple function of the throughput. 
It is possible to deduce the actual state of affairs in the well during 
the experiments, but would require a great many more experiments 
to determine : 

(a) The variation in velocity of slip with casing diameter and 

throughput ; and 

(b) The limiting gas-oil ratio for stable foam formation. 

For certain rough calculations we can proceed direct from the 
experimental results since most wells normally flow to a greater 
effective gas-oil ratio at the flow head than 1:1. We need, there- 
fore, only concern ourselves with the total energy loss due to 
slippage in the foam condition. For the well under examination, 
in which the bottom-hole pressure did not change appreciably 
over the series of experiments and friction was negligible, the slippage 
loss is obtained with sufficient accuracy from the difference in flow 
head pressure. The results are given in the appended table, and are 


. . . Ww 
somewhere near inversely proportional to the velocity (ot to x) 
and directly proportional to the square root of the casing diameter 
(see last column). 
TaBie III. 
F.H. pressure. Total energy 


Rate of tlow Casing. bd Lb./sq. in. loss. 1075 AVd 
g.p.d. A abs. Ft. lb. per Ib. w 
42,000 on 4” - 50-0 oa 90 .. Negligible. . 43 
11,000 ay +” on 12-9 <>. 2 os 165 - 167 
28,000 i“ 64” .. 12-7 72 - 226 4 217 
42,000 .. 10’. 8-1 61 .. 397 .. 420 
106,000 co oe 20-2 74 - 198 os 169 


The experimental data are not extensive enough to define an 
accurate expression, but a wide range of casing sizes has been 
considered at very low velocities and a rough idea of the order of 
foam slippage may be obtained from the formula 
1075 AV o 
6 cb 6 HSCS ORE REDON ERO ORSS (XX11.) 





Ww 
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This only applies to a saturation pressure of 4651b.; a cursory 
examination of the effect of varying this quantity (cf. equation (xx,)) 
indicates up to a 50 per cent. increase in the total slippage loss for 
oil of a saturation pressure of 625 lb. and a 25 per cent. decrease 
if the saturation pressure is 400 lb. 

A more satisfactory way of approaching the problem arises from 
the fact that Curve I. represents the worst conditions from the 
point of view of “foam ”’ slippage that are ever likely to arise, 
i.e., the largest size of casing and a velocity so low that flow car 
only just be maintained. If, therefore, we take the constants 
from this curve and use them for calculating less stringent condi. 
tions of flow, the results may be slightly in error, but the error 
will always be on the right side and will allow a small margin of 
safety in calculating flow string design, etc. 

The following table has been calculated assuming a velocit) 
of slip of 0-5 ft./sec. and an effective gas-oil ratio for stable foam 
formation of 1-1 at various saturation pressures. From the 
curves of Fig. 2, it is evident that slippage is negligible at values of 


w. : ; , 
Ap im access of 100. The velocity of slip evidently decreases 
Ab 
w. P , , 
as 77 increases above about 30: in this region, therefore, the 
é ) 


table has been corrected by inserting the actual values of th 
total energy loss found in measurements (not here recorded) ona 
number of different wells. Figures taken from this table should 
be added to the effective depth of the well in calculating flowing 
pressures. Since there is no appreciable friction at velocities 
such that slippage is taking place, this procedure will not affect 
subsequent friction corrections. Linear interpolation between th 


is sufficiently 





various values of saturation pressure and 


df ) 
accurate. 


TABLE IV. 
w Saturation pressure. 
“Ab 400 165 520 580 625 
oes oo Oe ee 430 “* 480 on 540 ‘ 580 
1I85.. oe 310 ait 360 ta 400 oe 450 a 480 
BO «+ co wae - 290 ne 320 in 360 ae 390 
25... oe 220 e° 250 as 280 we 310 — 340 
30 .. i. wee —_ 210 in 230 - 260 ia 280 
40.. os boo 7 150 1% 170 sin 190 ne 200 
50.. cn 95 od 110 “s 130 ie 140 a. 150 
100 . ne 0 ba 0 -— 0 a 0 — 0 


Slippage loss (total in “ foam *’ condition) to nearest 10 ft. Ib. Ib. 


A consideration of this table and of the curves of Fig. 2 indicate 
simple and safe formula for a flow string diameter to reduce 
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foam slippage to negligible proportions for saturation pressures 
in the region of 500 lb./sq. in abs. 


equivalent to an oil velocity at the foot of the well of about 
| ft./sec. 


The next point of importance is slippage in the mist condition. 
It is evident that at sufficiently high gas-oil ratios the oil must 
exist as separate drops in a continuous gas phase, but it is also 
obvious from an inspection of oil gas foam moving in glass tubes 
that the transference from foam to mist will not be abrupt. The 
intermediate stages of large gas bubbles rising through foam and of 
alternate plugs of gas and foam moving up the casing will normally 
intervene. Insufficient data are available, however, to enable the 
limits of these phases to be fixed. It had been hoped to obtain the 
necessary information by the use of a bottom hole bean which 
would enable flow to be obtained at very low flow head pressures 
and consequently high actual gas-oil ratios in the well. Unfortunately, 
however, only two curves have so far been obtained on the 6}-in. 
string. These two curves (V. and VI.) show certain remarkable 
features. In the first place the flow head pressure showed a rapid 
fluctuation over a range of 4 to 5 lb. (as measured on a mercury 
manometer). This surge appeared to persist over the upper part 
of the well and to fade out further down ; it must be remembered 
that the pressure indicator records maximum pressures so that if 
the surge reduces in magnitude at any point the pressure depth 
curve measured will apparently be flatter than the true mean curve. 
The phenomenon is actually observable on each of Curves V. and VI. 
Fig. 2, in which the calculated curves assuming friction (vide infra), 
but no slippage are duplicated. The surge is most probably due 
to a variation in the dead weight of fluid in the well caused by the 
formation and upward movement of alternate plugs of gas and 
foam, i.e., to a mild form of heading. This heading increases to 
serious proportions at very low rates of flow ; it was, for example, 
found impossible to obtain a pressure depth curve when flowing 
through a }-in. bottom hole bean although the throughput of such 
a bean should have been about 30,000 g.p.d., and a satisfactory 
curve was obtained at less than this rate on the open tubing 
throttled at the top so as to maintain a high flowing pressure. 
This particular problem, however, is not of great urgency in 
Masjid-i-Sulaiman, and although work is progressing from a 
number of different lines of attack there is, at present, insufficient 
data for inclusion in this paper. It is hoped shortly to be able to 
publish the results of laboratory experiments on foam stability. 
R 
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VII. Frow at Hicu Rates: FRIctTion. 


According to ordinary hydrodynamic theory the head lost by 
friction in fluid flow is given by the equation : 


R mig uD 

—., ~ d (=) seieemnitene ea enamsietd (xxv, 
pu" u* 

where R is the resistance per unit length, m the hydraulic mean 





D ; , , 
depth ( z for a pipe of circular section} and i the hydrauli 


gradient—1.e., feet head lost per foot run. This may be written 


in the form : 4u2 
uw uD : 
i dx =—— ¢ ( —L dx = dW,. 
gD U7) 
The value of the function ¢ has been experimentally determined 


uD 
P less than 





over a wide range of variables, and for values of 
2000 is directly proportionable to I This corresponds to the 
uDp. 


condition of stream line flow which is never met with in norma 


D 
p there occurs a short 





—- . , ‘ \ 
M.-i.-S. practice. On further increasing 


7 

region of unstable and indeterminate flow, after which the value 
of the function ¢ falls along a curve whose shape depends on the 
roughness of the pipe and ultimately becomes practically constant. 

Evidently in dealing with a heterogeneous mixture of fluids there 
is some difficulty in ascribing values to the effective mean viscosity 
and density, and hence in determining the value of ¢. 

The most recently published work based on experimental evidence 
is that of Moore and Schilthuis '* 15, who arrive at the formula: 


u § Z?.18 . ‘ 
dp = ——_ X O0012Z5 dx .................... (xxvii) 


d 
for the pressure head due to friction, where s is the specific gravity 
of the foam, z the absolute viscosity of the oil in centipoises and d 
the flow string diameter in inches. Putting this equation into more 
consistent units, remembering that 144 vdp=—dW,, and substituting 
the mean value 2-5 for z (approximately the value for M.-i.-S. oil 





ve get : 
— 144 vu x 2-598 x 0-00125 dx ’ 
144 vdp - =—aWw, 
12D x 62:3 v 
; , fu? 2-29 x 10-5 - 
Bin, Cg me ee i ween cennnccccacs (xxviii) 
gD u 
Comparing with equation (xxiv.) it is evident that ¢ would have 
2:29 x 10-3 

the value Rs 2.2 for M.-i.-S. oil. 
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The two curves (vii.) and (x.), Fig. 2, were obtained at very high 
rates of flow, and are found to be satisfied by a constant value of 
¢over the whole range ; at these rates the velocity head correction 
has to be taken into account, and the equation is therefore 

dE= —144 vdp=dW,+dW,+dwW, 


slippage being negligible. 





ie., ~144 vdp — dx 7 dy 4 ae dx 
where k is a constant. 
This can be written in the form : 
p, i444 x‘, 7 — 
- 4kv?w? dp Jf dx - f —— dy 
J 1 + TDAP Xs ‘, 4 4ky?w? 
. gD A? 
l44v 
and integrated by plotting the value of 4kv? w* 
" “gD AB 


for various values of p against the corresponding values of p 
(from the p-v curve) followed by graphical integration. To 
obtain the lift corresponding to a given pressure drop the velocity 
head correction must be subtracted from the result of the above 
operation. This simplifies to : 





?. 
2-3.D ‘7 g A? D 
Vi 


where v, and v, are the specific volumes corresponding to the 
limiting pressures. Proceeding in this way the calculated pressure 
depth curves (vii.) and (x.) Fig. 2 have been obtained taking 
slightly different friction factors for different sizes of flow string ; 
this is not unreasonable as the relative roughness of the pipes is 
certainly a function of diameter. 

Comparison of the friction factors used in these calculations 
(0-002 for 6$in. and 0-00248 for 4in. tubing) with equation 
(xxvili.) shows the two to be identical at velocities of near 1 ft./sec. 
In this region the friction loss is only very small in any case, and 
the difference bet..cen the two formule would not be measurable. 
It is therefore not improbable that the Moore-Schilthuis formula 
holds for low velocities, the friction factor decreasing and ultimately 
becoming sensible constant as the velocity increases. This is in 
general agreement with ‘ie behaviour of normal homogeneous 
fluids, although the actual values of the friction factor and the rate 

R2 
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of change with velocity are somewhat different though of the same 
order of magnitude. 

For all practical purposes it is sufficiently accurate to take a 
constant friction factor over the whole range. 

At pressures below 120 Ib./sq. in. abs. for M.-i-S. oil we may 
0-O141p, 


»~ » 


write v 





and reduce equation (xxx) to the form 





Pr 
0-O14P pot kw? 

X)—Xo -72 ~0-0141 Px > 2-3 c (p—s) aaa ae ad 
Ps 

Ve 

2-3 D A 

= =- oes +. cr) | eeeeesreseseee (XXNILj 

Vi 


Further work is in hand to determine whether a corresponding 
formula is applicable to flow in surface lines. 


VIII. THe GENERAL Equation oF Ftow: EFFECT OF ALTERING 
THE SATURATION PRESSURE. 
The general equation of flow 
dE=dW,+dW,+dW,+dwW, 
can now be written 


l 
vwedv a (. -z)a P 4k ve wid x 


- n ——-(XXxili.) 
g A Ww g D A? 








144 vdp=dx |! 


Certain assumptions have been made in deducing this equation 
which are fully discussed above. It may, however, be taken as 
substantially accurate provided that the values of “ b” and “k” 
are known for all points in the well; the work described in this 
paper has been largely aimed at the determination of these 
quantities. 

A problem of some interest and importance is the use of the 
data from one well for calculation of pressures in another (or the 
same at a different date) flowing at the same rate and through the 
same size of casing, but producing oil of a different saturation 
pressure. 

Now it is a reasonable assumption that both the friction factor 
“k” and the velocity of slip “ b”’ are functions only of the rate 
of production, flow string diameter and specific volume at a given 
point. The saturation pressure will only affect the pressure depth 
curve of a well by modifying the integration of equation (xxxvil.). 
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Neglecting dW, as normally negligible equation (xxxvii.) can 
be written in the form 
dx = &v)dp 
where v is the only independent variable in the function @ for a 
constant rate of production and casing diameter 


dv 
Vy 
Or X)--Xo= f (Vv) > dv 
aa dv 
Now at pressures below 120 Ib./sq. in. abs. for M.—i.-S. oil 
= OCSiee whence = -0-0141 p, v* 
p—5 dv 


and the above integral may be written 


Vv oO 
X,;—x_=0-0141 p, f v? Ov) dv 


So that in this range of pressures the lift between the same limits 
of specific volume is strictly proportional to the saturation pressure 
for any given conditions of flow. 

This formula is of very considerable importance since it is in this 
region that the greatest difficulty of normal calculation arises. If 
experimental pressure depth curves are measured down to low 
flowing pressures on any one well the results can be transferred 
to any other well flowing under the same conditions, but with a 
different saturation pressure, without separating the various 
energy losses in the low pressure region. 

Moreover, an examination of the experimental p—v curves 


me : dp 
indicates that at high pressures the value of - does not depart 
¥ 


from proportionality to p, by any very great amount (the 
assumption of Henry’s Law requires that the proportionality 
should be exact). For example, the available lift (with no energy 
loss) between saturation pressure and a specific volume of 0-07 for 
Various saturation pressures are given below, taken from Fig. 4 


p 400 465 521 577 625 
Lift .- 1990 .. 1680 .. 1010 .. 2180 .. 2380 
. Lift * ; 
Ratio——. 348 .. 362 .. 367 .. 378 .. 362 


Ps 


The variation from the mean ratio is only +46 per cent. 
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The general rule given above may therefore be taken as covering 
the whole range of expansion with a sufficiently high degree of 
accuracy. Naturally it cannot be taken as being applicable to 
comparisons between two very different oils. 


IX. Practican APPLICATION. 


It will be observed that throughout the present paper condition 
in Masjid-i-Sulaiman have been primarily considered. No detailed 
reference is made to the use of very small flow strings or bottom 
hole beans, nor has any data been obtained for “* mist” flow. 
Nevertheless, the method of approaching the problem is applicable 
to all fields, and equation (xxxiii.) is applicable to all cases of 
steady flow, as is also the discussion in section (viii.) of the effect 
of varying the saturation pressure. 

In order to calculate pressure drops in a flowing well from the 
general equation, it must first be written in the form : 


4kv?w?\dx | _ vw'dv 144 (v -;) oer 
cia as tlk WIE con cptee cae os ee + oe nee (XxXxiv. 
gDA*® /dp gA? dp ae 

Ab ' 


A table can now be constructed giving the values of the right- 
hand side of this equation for various values of v, and hence of the 
corresponding values of p read from the appropriate p-—v curve 


’ ; dx , : - , 
Then plotting 7, *sainst p and integrating graphically the value 
( Pp 


of x is immediately obtainable for any given pressure drop. 

The calculation can frequently be simplified by omitting terms 
corresponding to energy losses negligible under the given condi- 
tions ; by “ slumping ” the energy loss due to slippage according 
to Table IV. or its equivalent for the oil under discussion ; or by 
using the integrated form of the velocity head given in section (vii) 

These methods have been employed in calculating the curves 
of Fig. 2, and have also been applied to various conditions of flov 
in a number of different wells in the field. These thirty or % 
examples include saturation pressures between 465 and 577 lb.,sq 
in. abs., casing sizes between 4 in. and 10 in., and production rates 
between 30,000 and 500,000 gallons per day. The average error 
in calculating flowing pressures is less than 1 lb., and the maximum 
error is equivalent to only 2-5 per cent. of the total energy used 
in lifting the oil—in most cases it is considerably less. The method 
may therefore be taken as sufficiently sound, at any rate withio 
the stated limits. 
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In conclusion, the authors desire to express their thanks to the 
Chairman and Directors of the Anglo-Persian Oil Company, Ltd., 
for permission to publish the results of this investigation. 
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Viscosity Index Charts.* 


By P. Docksey, B.A., C. H. G. Hanps, B.Sc.., 
and W. A. Haywarp, Ph.D. 


One of the most important physical properties of a lubricating 
oil is the change of viscosity with temperature ; the lowest 
rate of change obtainable being desired, particularly for oils used 
in the lubrication of internal combustion engines. Since many of 
the refinery operations carried out on lubricating oils (e.g., solvent 
extraction or hydrogenation) have as their objects, amongst other 
things, the improvement of the viscosity-temperature curve, it is 
essential to have some means of defining the change of viscosity 
with temperature so that improvements effected may be measured 
and compared. 

Several ways of doing this are available. For instance, the 
slope of the viscosity temperature lines on the A.S.T.M. viscosity- 
temperature chart} may be measured, or the ratio of the viscosities 
at two temperatures may be compared. The former of these 
necessitates drawing the line on the chart, with its attendant 
inaccuracies, and further, the difference in slope of the lines of a 
good and a bad oil when expressed in degrees is not great, and 
there are difficulties in measuring it sufficiently accurately. 

The second method does not necessitate any drawing if the 
viscosity is measured at the two temperatures in question, but the 
ratio is meaningless, unless it can be compared with some standard. 
It was the necessity for making this comparison that led Dean and 
Davis to develop the function of viscosity index'* which is now 
so widely used for the purpose under consideration. 

The viscosity index as proposed by Dean and Davis is obtained 
in the following way. The temperatures at which the viscosities 
are measured are 100° F. and 210° F., which are the temperatures 





* Paper received February 6, 1934. 

+ Frequent mention is made throughout this paper of the A.S.T.M. 
viscosity-temperature chart. This chart is based on the fact that the viscosity- 
temperature lines become straight if the temperature and viscosity se 
used are log ° abs. and log. log. (centistokes +-8). This method of plotting 
has been very thoroughly tested, and appears to be completely successful, 
and it has been assumed throughout that the lines for all oils are straight, 
at least to within the accuracy of practical importance. In that case the 
viscosity temperature relationship for any oil may be expressed by the 
equation :— 

log. log. (centistokes +-8) = A log. T+ B. 
Suitable values of A and B for any particular oi] may be obtained if viscosities 
at two temperatures are known, and viscosities at other temperatures may 
then be calculated. This method of obtaining the points on the view 
temperature line by calculation rather than by drawing on the A.S.T.M 
chart. was used in the construction of the charts given, on account of the 
greater accuracy obtainable. 
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commonly used in America in routine determinations. Suppose 
that the oil whose viscosity-temperature curve is under considera- 
tion has a viscosity of U Saybolt seconds at 100° F., and V Saybolt 
seconds at 210° F., so that the ratio of the viscosities at these two 


























temperatures is —. The smaller the ratio U the better is the 
\ V 
oil from the point of view of temperature-viscosity change. Now 
it is known that the viscosity-temperature curves of oils from 
Pennsylvanian crude are remarkably good, while those of oils 
from Gulf Coast crude are among the worst obtainable for petroleum 
oils. A very good measure of the goodness or badness of the 
viscosity-temperature curve of the oil in question may therefore 


, 


be obtained by comparing the ratio of the two viscosities y with 


ratios of viscosities of appropriate cuts from Gulf Coast and 
Pennsylvanian crudes. The question arises as to what may be 
considered appropriate cuts. If the unknown oil is of high viscosity, 
it would obviously be wrong to use for comparison a Pennsylvanian 
oil of low viscosity, and the appropriate cuts may be fixed by 
saying either that they shall have a viscosity of U secs. Saybolt 
at 100° F., or V secs. Saybolt at 210° F. Dean and Davis chose 
the latter, and we are now able to compare the unknown oil with :— 
(1) A Pennsylvanian oil of viscosity H secs. at 100° F. and 
, —_ , _ m= 
V secs. at 210° F., i.e., with a ratio v 
(2) A Gulf Coast oil of viscosity L secs. at 100° F. and V secs. 
ow: , L 
at 210° F., 7.e., a ratio of =. 


\ 
The three ratios are combined into a function called the 
“Viscosity Index” by the following relation :— 





L U 
; VV Ew 
V.1.=-—— x = “5 
L H * 100 L_H 00 
VeséGOV 


It will be obvious that Gulf Coast oils will have a viscosity index 

of 0 and Pennsylvanian oils a viscosity index of 100. (This can 

be obtained by putting U=L and U=H in the above expression.) 
It should be noted that the viscosity index range is not limited 

from 0 to 100. If the value of U is greater than L the viscosity 

index will be negative, and if less than H values of 100 or over may 

he obtained. 
The figures for H and L are obtained from curves showing the 

relation between viscosity at 100° F. and at 210° F. drawn from 














250 DOCKSEY, HANDS AND HAYWARD: VISCOSITY INDEX CHARTS, 


experimental results on a series of oils obtained from Pennsylvanian 
and Gulf Coast crudes. 

Larson and Schwarderer* propose to use a different viscosity 
index to Dean and Davis. They have carried out further experi 
ments on the viscosity of Gulf Coast and Pennsylvanian oils, and 
since these are in good agreement with the previously reported 
figures, they use Dean and Davis’ values for the H and L lines 
referred to above. They carry out interpolation between the lines 
by drawing the viscosity temperature lines for a Pennsylvanian 
and a Gulf Coast oil, both having the same viscosity at 210° F., 
on the A.S.T.M. chart, and dividing the resulting angle into eight 
equal parts, thus giving eight zones. By doing this for a number 
of viscosities at 210° F. it is possible to draw a further chart similar 
in principle to those shown here, in which the “ zone ” lines are 
drawn, with axes giving the viscosity at 100° F. and 210° F. The 
eight zones correspond to the range 0-100 viscosity index, so that 
the Dean and Davis scale is much more finely divided. Larson 
and Schwarderer originally held the view that their division of the 
scale into only eight parts was an advantage, but in a subsequent 
paper* they further sub-divide the zones into 12} parts, thus 
giving a scale having 100 divisions, and the resulting graphs are 
rather complicated to read if an accurate value of the “ Viscosity- 
Temperature zone-sector index "’ is required. 

Larson and Schwarderer also point out that the simple 


y 


L—H 
viscosities are measured at 100° F. and 210° F. If viscosities at 
130° F. and 210° F. are substituted in the formula, a different 
value for the viscosity index is obtained. This is more particularly 
the case if the alteration is made to the lower temperature (i.¢., 
from 100° F. to 130° F.). If a small alteration is made to the high 
temperature (e.g., from 210° F. to 200° F.), the formula may still 
he used to give the viscosity index with an accuracy of two 
viscosity index units. 

The “ Viscosity-Temperature zone-sector index” has the 
advantage of avoiding the undue spreading of the scale for high 
values of viscosity index which is obtained by Dean and Davis’ 
method, Larson and Schwarderer give a graph in their paper‘ 
by means of which viscosity index may be converted to viscosity- 
temperature zone-sector index if required. 

Clayden® suggests measuring the slope of the lines on the A.S.T.M. 
chart in order to define viscosity index, ‘“‘ thereby placing the 
definition on a fundamental basis.”” But it may be remarked 
that the true fundamental basis for V.I. determination is extremely 
obscure. It might be considered rational to use a system such 


formula 





x 100 = Viscosity Index can only be used if the 
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that equal treatments of various oils with a refining agent or solvent 
produce equal changes in viscosity index (if such a system of 
viscosity index could be found); or such that equal changes in 
viscosity index indicate the same change in viscosity at some 
standard temperature, say at 0° C. if the ease of starting were the 
most important point, or at 150°C. if reduction in viscosity on 
the hottest part of a cylinder wall were under consideration. 
Obviously a large amount of experimental work would be necessary 
before a viscosity index system could be devised which will fit 
practical demands in a rational way, and in the circumstances it 
is better to adopt the viscosity index system which has the simplest 
basis. For this reason Dean and Davis’ method has been adopted 
as the basis of the accompanying charts. Furthermore, their 
method is now widely used, and it has the great merit that, if the 
viscosity of an oil is known at any two temperatures and the 
AS.T.M. viscosity-temperature formula is taken as being accurate, 
the viscosity index may be obtained by calculation without any 
recourse to charts, thus providing an extremely good and easy 
check on the published chart when any doubt arises. 

This brief description refers to the method of obtaining the 
viscosity index as proposed in the American literature and amplified 
by the charts and tables given there. 

These tables and charts have the following disadvantages from 
the point of view of workers in England or on the Continent, and 
this applies both to those given by Dean and Davis and by Larson 
and Schwarderer : 

(1) The viscosities must be obtained at 100° F. and 210° F 
instead of at 100° F. and 200° F., as is customary in England, 
or at 50°C. and 100°C. as is customary on the Continent. 
This necessitates either one or two extra viscosity deter- 
minations, or estimating the viscosity at 210° F. by drawing 
the viscosity-temperature line, say, on the A.S.T.M. chart. 
The range of viscosities dealt with does not include untreated 
bright stocks. 

(3) The viscosity figures must be converted to Saybolt. 

The charts presented here. were designed to overcome these three 
difticulties. The objects which they were desired to fulfil were :— 

(1) As already mentioned, the charts are to be used when the 
viscosity determinations have been carried out at 100° F. 
and 200° F., or at 50°C. and 100°C. 

The viscosities to be expressed in centistokes. This appears 
to be the most desirable unit to use. There is an increasing 
tendency to measure viscosities in centistokes, and results 
obtained on commercial viscosities, such as the Redwood 
or Engler instruments, are easily converted. 
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(3) The range to be extended to include oils of high viscosity. 
(4) It is desirable, if possible, to retain the definition of viscosity 
-U ; 


° oo 
index obtained from the formula —— x 100 where | 
L—H . 


and H are the viscosities of Gulf Coast and Pennsylvanian 
cuts, obtained from curves showing the viscosity at 100° F. 
against that at 200° F., or at 50°C. against 100°C. It will 
be realised that if this is done, the new charts will not corre. 
spond exactly or with those given by Dean and Davis. At 
the same time, as will be shown later, when temperatures of 
100° F. and 200° F. are used, the divergence is only about 
two viscosity index units. 

As pointed out. the divergence increases if the lower 
temperature is altered, and it is not possible to retain the 


formula ae 100 == V.I. in constructing charts applying 
for temperatures of 50° C. and 100° C., and in this case the 
charts can be constructed by using the viscosities at 100° F 
and 200° F. to derive the viscosity-temperature equations 
for a number of cases, and then calculating from these 
equations the values of the viscosity at 50° C. and 100°C. 


CONSTRUCTION OF CHARTS : DERIVATION OF H anv L LINEs. 

The first operation is to draw the lines showing the relation 
between the viscosities of Gulf Coast and Pennsylvanian oils at 
100° F. and 200° F. It has been found that if log viscosity at 
100° F. is plotted against log viscosity at 200° F., the viscosities 
being expressed in centistokes, for a series of cuts from the same 
crude, the points obtained fall very close to a straight line. The 
relation holds if viscosities at other temperatures are plotted 
against viscosity at 200° F. (e.g., viscosities at 70° F., 140° F., 
250° F.) and also if viscosities at 50° C. are plotted against viscosities 
at 100°C. It has been found to hold for the oils from Mid-Continent 
crude for which figures are given by Fortsch and Wilson,® and 
also for an extensive series of dewaxed cuts from Persian crude, 
the lines showing very slight curvature in the latter case at viscosi- 
ties above 40 centistokes at 200° F. If similar straight lines are 
obtainable from Pennsylvanian and Gulf Coast oils, this method 
of plotting gives a reasonable method of extrapolating them to 
higher viscosities. The figures for these oils quoted by Dean and 
Davis? were therefore plotted in this way. The viscosity at 
200° F. was calculated from equations for the viscosity temperature 
lines derived by inserting Dean and Davis’ values at 100° F. and 
210° F. in the A.S.T.M. formula. 
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It was found that the points obtained from the Pennsylvanian 
oils lay on a straight line ; those from the Gulf Coast oils deviated 
from the straight line on both sides ; but if, instead of the experi- 
mental points, values were taken from the equation given by Dean 
and Davis representing the mean line for Gulf Coast oils, a straight 
line was obtained in this case also. 

The straight lines obtained in this way were extrapolated and 
are shown on charts 1 and 2. The line for Gulf Coast oils is that 
marked viscosity index 0 on the charts, and the Pennsylvanian 
oil line is marked viscosity index 100. Similar lines were obtained 
showing the relation between the viscosities at 50° C. and 100° C., 
and these are plotted on charts 3 and 4. 

It should be noted that the lines on charts 1 and 2 are continuous, 
the presentation being made on two charts in order that a larger 
scale may be employed, and the same remark applies to charts 
sand 4. 

The equations for the lines are :— 

(1) Gulf Coast oils—Charts 1 and 2. 

log, Viscosity at 100° F. = 1-720 logy) viscosity at 200° F. +--3627. 
(2) Pennsylvanian oils—Charts 1 and 2. 

logy) Viscosity at 100° F.= 1-458 log,, viscosity at 200° F. +--4003. 
(3) Gulf Coast oils—Charts 3 and 4. 

logy, Viscosity at 50° C.= 1-592 log, viscosity at 100° C.+4 


3053. 


(4) Pennsylvanian oils—Charts 3 and 4. 
logy Viscosity at 50° C.=1-385 logy») viscosity at 100° C.-+--3276. 

Construction of Charts 1 and 2.—In order to construct the charts 
lines of viscosity index 10, 20, 30, etc., were plotted by calculating 
U (=the values of the viscosity at 100° F.) from the equation 
L—U 
L—H 
obtained from equations (1) and (2) above. 

Thus, if the viscosities at 100° F. and 200° F. are known, the 
viscosity index may be readily obtained from charts 1 and 2 by 
finding the point on the chart corresponding to these two values 
and then interpolating between the sloping lines. 

Construction of Charts 3 and 4.—The lines for 0 and 100 viscosity 
index were drawn on these charts from the equations already 
given. 





x 100 = viscosity index, the values of L and H being 


L—H 
viscosity index cannot be used when the temperatures are 50° C. 
and 100° C., if the viscosity index as determined from these charts 


x 100 = 





It has already been stated that the formula 
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is to agree with that given by charts 1 and 2. The lines for 10, 
20, 30, etc., viscosity index on charts 3 and 4 were therefore drawn 
by taking values from the corresponding lines on charts | and 2 
(or rather, for the sake of accuracy, from the tables used in con. 
structing those charts), calculating the equation of the viscosity 
temperature line using the A.S.T.M. formula, and obtaining the 
viscosity at 50°C. and 100°C. from this equation. The resulting 
two values were used to plot a point on the appropriate viscosity 
index line on charts 3 and 4. Since the method of plotting makes 
the lines so nearly straight, it was only necessary to calculate three 
points on each line in order to draw them sufficiently accurately. 

Drawing charts 3 and 4 in this way brings them into perfect 
agreement with charts 1 and 2 as long as the assumption that the 
viscosity temperature lines are straight when plotted on the 
A.S.T.M. chart is correct. 

Comparison with Dean and Davis’ Charts.—Charts 1 and 2 were 
compared with those given by Dean and Davis over the entire 
range. The comparison was made by calculating the viscosities 
at 210° F. and 100° F. for oils of various viscosity indices, using 
the values for the H and L oils given in Dean and Davis’ table, 
and obtaining the equation to the viscosity temperature line from 
these figures. The viscosity at 200° F. was then calculated and 
the viscosity index obtained from charts 1 and 2. Except for the 
extreme low end the maximum divergence is 2 viscosity index 
units. For oils of viscosity below 8-5 centistokes at 200° F. the 
divergence increases rapidly, due to the fact that viscosity is not 
directly proportional to the number of Saybolt seconds at the 
lower viscosities, and for this reason the charts have not been 
extended to include the low viscosity oils. 

In order to avoid confusion, since more than one method of 
expressing the viscosity index has been proposed, it is best t 
specify the method used when quoting figures, and figures obtained 
from these charts should be given as © Viscosity Index (Dean and 
Davis).’ 

The Authors wish to thank the directors of the Anglo- Persia 
Oil Company for permission to publish these charts 
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CORRESPONDENCE 


Sir—You sent me a proof of my remarks during the discussion 
on “ Air Survey,” by Lieut. J. S. A. Salt, which appears on page 7 
of the Journal, and this is quite in order, but you did not send me a 
proof of my interjection during Lieut. Salt’s reply and this, as it 
appears on page 8, is extremely ridiculous. Lieut. Salt completely 
misunderstood my criticism and proceeded to make excuses that 
there were not sufficient funds available to allow the maps to be 
brought up to date. The map to which I referred (Carmarthen- 
shire XVII, 1/2,500, 2nd Edition, 1906, Surveyed, 1885, revised 
1904) is fundamentally bad, and no amount of money spent on 
pettifogging correction would make it anything else. I did not 
say “the map he had mentioned must have been done at about 
pc. 45,” but “The features not appearing on this map were 
probably partly pre-B.c. 45, mainly between B.c. 45 and a.p. 400, 
and perhaps some subsequent to a.p. 400.” 

Actually, about 4,000,000 tons of material have been removed, 
of which little more than half is shown on the map. An aqueduct 
7 miles long, with two large tanks and a stamp mill site, can be 
seen on the ground, and of these no trace is shown on the map. 

I have several times had such maps brought to me by surveyors 
in the East, and my invariable practice has been to tear them and 
the survey books up in front of the culprit and teli him to resurvey 
the ground. 

Royal Aero Club, T. R. H. GaRRetr. 

London, W.1. February 7th, 1934. 


THE ANALYSIS OF HYDROCARBON OILS. 
Sir—The letter of Vlugter, Waterman and van Westen 
(J. Inst. Petr. Techn., 1933, 19, 1035) in connection with a recent 
publication of ours raises a number of interesting points which we 
feel call for some further comment. While your correspondents 
agree with our data for paraffin hydrocarbons, they suggest that the 
naphthenes separated by extraction are contaminated by hydro- 
carbons of other classes, and that agreement between their figures 
and our own in the latter case is purely fortuitous. We should 

like to call attention, therefore, to the following points :— 


(1) The density-boiling point relation of our naphthene fractions 
are in excellent agreement with those for known pure 
hydrocarbons of the same series. It is unlikely that the 
supposed impurities would happen to preserve this agreement, 
and also would happen to give concordant data for aniline 

points. 
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(2) The specific refraction-molecular weight curves of Vlugter, 


Waterman and van Westen (J. Inst. Petr. Techn., 1932, 18 
739) are calculated by Eisenlohr’s method. We do not feel 
that agreement between observed and calculated figures, for 
the very few known hydrocarbons which are cited, is suff. 
ciently good to justify the extrapolation of the curves to 
include mixtures of widely different molecular weight. The 
fact that aromatic hydrocarbons are known not to give 
experimental results in agreement with those calculated 
is also significant. 

The naphthenes isolated by Mabery (Am. Chem. J., 1901- 
1903) were obtained from Californian petroleum by freezing 
out paraffin wax from acid-washed oils and fractionating the 
residue ; such methods would not ensure the absence of 
appreciable quantities of paraffin hydrocarbons which would 
lower refractive index and density. 

Although Vlugter, Waterman and van Westen state 
(J. Inst. Petr. Techn., 1932, 18, 735) that hydrocarbon 
mixtures can be entirely freed from aromatic components by 
washing with sulphuric acid, they now suggest that the 
higher boiling aromatic hydrocarbons have survived such 
treatment. If this were the case, the composition of the 
residual oil would change from naphthene + paraffin in the 
low-boiling fractions (the low-boiling paraffins being most 
soluble in the solvent employed) to naphthene -++-aromatic in 
the higher-boiling fractions. Differences between calculated 
and observed specific refractions would, therefore, vary over 
the range explored, and the fact that such variations do not 
occur indicates that the hydrocarbons in question are all of 
one class. 


We feel justified in maintaining, therefore, that the hydrocarbons 
which we term “naphthenes”’ are actually free from aromatic 
and paraffin bodies. We agree that naphthenes of different origin 
will probably not have exactly the same composition as those from 
Borneo, but the agreement which we have established (J.S.Cl, 
1929, 48, 252) between cracking and composition shows that their 
behaviour is similar in all cases. R. H. GRiFFItH. 
London. February 27th, 1934. H. Hoiiras. 
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REVIEWS 


ApPpLIED GEOPHYSICS IN THE SEARCH FOR MrinerRats. A. S. Eve and D. A. 
Keys. Second Edition, pp. x.+296. Cambridge University Press, 1933. 
16s. 

The second edition of this popular book reproduces most of its original 
matter in detail, but certain additions, mainly of field results, have resulted in 
alarger volume. In one way the contents are rather misleading. A novice, 
basing his opinion on them, would derive a totally wrong impression of the 
relative importance of the various methods, 40% of the book being devoted to 
the electrical methods. This latter section, also, gives the impression that it 
contains mainly the results of the authors’ immediate experience, and, as first 
hand information, is of great value. Unfortunately other developments, both 
theoretical and practical, have taken place in other parts of the world and 
these are omitted or given a passing reference only. The general theoretical 
considerations given in the book are sufficient to allow the basis of the various 
methods to be appreciated, but precise expressions giving the effect of 
different types of geological structures are neither developed nor quoted. 
Since, in application, the interpretation always proves the most difficult part 
of any survey, the book does not fulfil all the requirements of the geologist 
who may wish to employ any of the various methods. Further, it is 
astonishing to find an instrument such as the Kohlrausch horizontal vario- 
meter, which is rarely used in modern field practice, occupying so much 
space, while later developments such as the Schmidt magnetometer with 
automatic temperature compensation, the raitometer and Racom, the Jones 
seismograph, etc., receive little or no attention. 


If, however, the object of this book is to satisfy the demands of the geologist 
and mining engineer who wish to know the foundations on which the methods 
are built, and to stimulate interest in the subject, rather than to serve as a 
complete handbook on geophysics, the authors have succeeded admirably. 
The book is well written and copiously illustrated while the explanations are 
clear and concise. Even the specialist will find the book of great use, for it 
affords an excellent example of a highly technical subject unfolded in simple 


language, a problem of no little importance to the geophysicist. 
J. M. BrucksHaw. 


ANNUAL REPORTS OF THE PROGRESS OF APPLIED CHEMISTRY. Vol. 18, 1933, 
pp. 770. London: Society of Chemical Industry, 1934. 12s. 6d. (To 
Members of the S.C.I., 7s. 6d.) 


The 1933 volume of these reports follows the lines of its predecessors and 
provides a valuable summary of the progress of the science of chemistry 
as applied to industrial problems. Although the chapter of primary import- 
ance to the petroleum chemist is that on ‘‘ Mineral Oils ” (22 pages), many of 
the other chapters contain references which must not be overlooked. In 
particular, mention should be made of the chapters on Fuel ; Gas, Destruc- 
tive Distillation, Tar and Tar Products; Oils, Fats and Waxes. 
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As one of the main objects of Progress Reports is to bring together references 
to cognate subjects, it is surprising to find that no mention is made of the 
papers presented at the World Petroleum Congress, which was held in 
July, 1933. Although the complete Proceedings of the Congress are only 
just issued (March, 1934), all the papers were available as preprints. 


Puysicat Constants. By W.H.Childs. Pp. vii.+77. London: Methuen, 
1934, 2s. 6d. 

This book, which is of convenient pocket size, is packed closely with useful 
physical data including several nomograms. The main sections deal respeg 
tively with general physics, heat, light, magnetism, electricity and sound, 
and these are followed by logarithm and angular tables. 

The book has been compiled largely from Kaye and Laby, Landolt 
Bornstein and the International Critical Tables and can be strongly 
recommended as the best value for half-a-crown that the writer has met 


for a very long time. 
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